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Psychosocial maternal stress experienced during different vulnerable periods throughout gestation is thought to increase
the individual’s risk to develop neuropsychiatric, cardiovascular and metabolic disease in later life. Cortisol has generally
been identified as the major mediator of maternal stress transfer to the fetus. Its lipophilic nature allows a trans-placental
passage and thus excessive maternal cortisol could persistently impair the development of the fetal hypothalamic-pitu-
itary-adrenal axis (HPAA). However, cortisol alone cannot fully explain all effects of maternal stress especially during
early to mid pregnancy before maturation of the fetal HPAA has even begun and expression of fetal glucocorticoid recep-
tors is limited. This review focuses on mediators of maternal fetal stress transfer that in addition to cortisol have been pro-
posed as transmitters of maternal stress: catecholamines, cytokines, serotonin/tryptophan, reactive-oxygen-species and
the maternal microbiota. We propose that the effects of psychosocial maternal stress on fetal development and health and
disease in later life are not a consequence of a single pathway but are mediated by multiple stress-transfer mechanisms
acting together in a synergistic manner.
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1. Introduction

Pregnancy is a significant time in a woman’s life during which
environmental influences such as maternal psychological stress not
only affect the expectant mother’s health but also have lifelong conse-
quences for her developing unborn — a concept that has been termed
‘fetal programming’. It is now widely recognized that antenatal ex-
posure to maternal psychological stress is associated with an adverse
pregnancy outcome and increases the individual’s risk to develop
neuropsychiatric, cardiovascular and metabolic disease in later life
(Charil et al., 2010; Cottrell and Seckl, 2009; Glover et al., 2010;
Harris and Seckl, 2011; Moisiadis and Matthews, 2014a; Weinstock,
2008). The impact of prenatal stress on the physiological and psy-
chological outcome differs not only depending on the type and in-
tensity of the stressor or sex of the developing offspring but also on
the time of the distinct stress experience. Numerous studies of differ-
ent species including humans and non-human primates have shown
that the fetus is sensitive to maternal stress during different vulnera-
ble periods of various lengths from early to late gestation (Davis and
Sandman, 2010). For example, high maternal anxiety during early hu-
man pregnancy is associated with behavioural problems in 8- and 9-
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year-olds, whereas maternal anxiety during late pregnancy is not (Van
den Bergh and Marcoen, 2004). Great effort has been directed towards
clucidating the underlying mechanisms and understanding how mater-
nal stress transfers to the unborn. In other words, to try and answer the
question: How does the fetus sense that the mother is stressed? As a
result, stress-induced release of maternal cortisol has been identified
as the significant mediator of antenatal psychological stress. Exces-
sive maternal cortisol (or corticosterone in rodents) can cross the pla-
centa into the fetal compartment and induce long-lasting if not perma-
nent changes in the postnatal activity of the fetal hypothalamic-pitu-
itary-adrenal axis (HPAA), which is associated with behavioural and
cognitive alterations in later life (Glover et al., 2010; Kapoor et al.,
2008). However, cortisol alone cannot fully explain all the program-
ming effects of psychosocial stress, especially during early gestation
as amongst other reasons the maturation and vulnerable period of the
fetal HPAA do not begin earlier than late pregnancy (Challis et al.,
2001; Moisiadis and Matthews, 2014b) and glucocorticoid receptor
(GR) expression is limited during early gestation (Meaney et al., 1985;
Owen and Matthews, 2003; Slotkin et al., 2008).

In this review, in addition to cortisol, we discuss five other poten-
tial mediators of maternal-fetal stress: catecholamines, reactive oxy-
gen species (ROS), cytokines, serotonin/tryptophan and maternal mi-
crobiota. We suggest that maternal-fetal stress transfer is a combina-
tion of numerous different transfer mechanisms that act together in a
synergistic way (Fig. 1).
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Fig. 1. Mechanisms of maternal-fetal stress transfer. Conceptual framework of mechanisms of maternal-fetal stress transfer. Current evidence is strongest for a direct effect of
maternal cortisol on fetal hypothalamic-pituitary-adrenal axis (HPAA) development and, to a lesser extent, for catecholamines that exert their impact on fetal development indirectly
via an impaired uterine blood flow (underlined mechanisms). Evidence for other recently proposed stress transfer mechanisms — cytokines, tryptophan/serotonin, reactive oxygen

species (ROS) and the maternal microbiota - has not been fully investigated. ‘p..."

2. Maternal cortisol and the programming of the fetal HPAA

Fetal exposure to excess concentrations of endogenous or exoge-
nous glucocorticoids is associated with a broad spectrum of neu-
ropsychiatric, metabolic and cardiovascular disease in later life in
animal models and is inconsistent in human cohorts (Moisiadis and
Matthews, 2014a,b; Van den Bergh et al., 2005). The role of the glu-
cocorticoid ortisol (or corticosterone in rodents) as a mediator of pre-

: placental

natal stress has been investigated extensively over recent decades and
previously reviewed in detail (Cottrell and Seckl, 2009; Glover et
al., 2010; Harris and Seckl, 2011; Moisiadis and Matthews, 2014a).
The following chapter will briefly summarize the cortisol-dependent
mechanism of maternal-fetal stress transfer prior to discussing corti-
sol-independent mechanisms in more depth.

In contrast to the sympathetic-adrenal medullary system (SAMS,
see below), the HPAA is thought to mediate the mid- to long-term re-
sponse of an individual’s stress reactions, e.g. by mobilization of en-
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ergy depots and modulation of the sympathetically mediated stress re-
sponse. In reaction to acute or chronic psychological stress, the mater-
nal HPAA is activated by higher brain structures and, as a result, the
adrenal cortex synthesizes and releases cortisol into the maternal cir-
culation (Ulrich-Lai and Herman, 2009). Once released into the mater-
nal circulation, highly lipophilic cortisol passes through the placental
barrier and reaches the fetus.

However, the placental enzyme 11beta-hydroxysteroid dehydroge-
nase type 2 (116-HSD-2) inactivates approximately 80-90% of the
maternal cortisol. In addition, the fetal HPAA is not able to produce
cortisol until late gestation, indicating that the fetus is completely de-
pendent on maternal cortisol over most of the pregnancy (Magyar et
al., 1980). Consequently, fetal plasma concentrations under physio-
logical conditions are 5-10-fold lower compared to maternal levels
(Chapman et al., 2013). This mechanism is thought to protect the fe-
tus from excessive maternal cortisol concentrations under physiologi-
cal conditions. In addition to the greater exposure of the fetus to ma-
ternal cortisol released during acute maternal stress situations, the pla-
cental barrier is corrupted by psychosocial stress, thus exposing the
fetus to disproportionately high fluctuations in maternal plasma corti-
sol. It has been demonstrated that prenatal stress itself — or maternal
anxiety as a marker of prenatal stress — reduces the expression and ac-
tivity of 118-HSD-2 in humans and animal models (Chapman et al.,
2013; Jensen Pena et al., 2012; Monk et al., 2016; O’Donnell et al.,
2012). Furthermore, the activity of human placental 118-HSD-2 de-
creases in uncomplicated pregnancies near term (Murphy and Clifton,
2003), suggesting a high vulnerability of the fetus to the programming
potential of cortisol during late gestation.

In the fetal circulation and in particular the fetal brain, maternal
cortisol can perturb the development of the fetal HPAA during vulner-
able periods by resetting the set point of the HPAA’s negative feed-
back mechanism, resulting in a long-lasting or even permanent change
in HPAA activity in postnatal life (Cottrell and Seckl, 2009; Moisiadis
and Matthews, 2014b). This intrauterine determination of the fetal
HPAA activity in later life is thought to be one of the essential mech-
anisms of ‘fetal programming’. The HPAA in humans and several an-
imal species, including sheep, matures during late gestation when a
physiological rise in fetal cortisol concentrations triggers tissue matu-
ration and prepares the fetus for postnatal life (Liggins, 1994; Magyar
et al., 1980; Moisiadis and Matthews, 2014b). Similar to the decrease
of the activity of human placental 1163-HSD-2, this once again sug-
gests that the greatest vulnerability to the programming effects of ma-
ternal cortisol is during late gestation. This hypothesis is also sup-
ported by the ontogeny of the GR. Specifically, GR in central parts of
the fetal HPAA that are involved in HPAA negative feedback regula-
tion are mainly expressed from mid term onwards in several species
such as rodents and sheep (Meaney et al., 1985; Owen and Matthews,
2003; Slotkin et al., 2008).

Apart from the direct transfer of cortisol to the fetus, there is
limited evidence that cortisol can indirectly mediate maternal stress
effects in humans by stimulating the placental release of corti-
cotrophin-releasing hormone into the fetal and maternal circulation
(Hobel et al., 1999; Sandman et al., 2006). Placental corticotrophin-re-
leasing hormone is exclusively synthetized by the primate placenta
and does not underlie negative feedback regulation. It is associated
with decreased fetal growth, preterm delivery, activation of the fetal
HPAA and impairment of brain maturation such as development of the
fetal hippocampus and other parts of the fetal limbic system (Charil et
al., 2010; Cottrell and Seckl, 2009; Sandman et al., 1999).

3. Catecholamines and reduction of utero-placental perfusion

The SAMS and its effector hormones norepinephrine (NE) and
epinephrine (EPI) comprise fast-responding components of the phys-
iological stress system. Released from the chromaffin cells of the
adrenal medulla into the portal circulation and from sympathetic neu-
rons that innervate almost all organs, NE and EPI mediate the
short-term responses to various stressors from outside or inside the or-
ganism by modulating the individual’s behaviour as well as the activ-
ity of the cardiovascular, metabolic, immune and central nervous sys-
tems (Kvetnansky et al., 2009; Wong et al., 2012). In contrast to the
activation of the HPAA that takes tens of minutes to release its effector
hormone cortisol and reach its peak serum concentration, the SAMS
acts as an individual’s ‘first-response system’ to stress and is activated
within seconds after stress exposure (Ulrich-Lai and Herman, 2009).
The concentration of plasma catecholamine levels largely reflects the
sympathetic activity during acute stressful situations (Kvetnansky et
al., 2009; McCarty, 1994).

Despite irrefutable importance of the SAMS for an individual’s
stress reaction, catecholamines as mediators of maternal-fetal stress
have received limited attention. One reason for this lack of broad in-
terest may be that maternal catecholamines are hydrophilic and seem-
ingly are not able to cross the placenta in physiologically relevant
concentrations. Several studies of human placental tissue and rodents
have found evidence for a minor transfer of NE from mother to fe-
tus (Morgan et al., 1972; Saarikoski, 1973; Sodha et al., 1984). How-
ever, no evidence was found for a placental passage of NE and EPI in
chronically catheterized sheep when both drugs were directly infused
into the maternal circulation (Jones and Robinson, 1975). Further-
more, in reaction to invasive procedures in humans, fetal and maternal
NE concentration showed no correlation, suggesting that NE cannot
be directly transferred from mother to fetus (Giannakoulopoulos et al.,
1999).

3.1. Catecholamines and fetal development

To the best of our knowledge, there is only one published study
determining the association between maternal catecholamine concen-
trations and pregnancy outcome in humans. In the study, a high mater-
nal catecholamine concentration measured on three consecutive days
during mid-gestation was associated with spontaneous preterm birth
(Holzman et al., 2009). In animal studies, excess catecholamines can
also lead to an impaired fetal development. For example, in sheep,
direct fetal infusion of NE and EPI during the third trimester led
to asymmetrical fetal growth retardation in the absence of hypox-
aemia (Bassett and Hanson, 1998), whereas in a recent study, bilat-
eral adrenal demedullation in growth restricted fetuses delayed fetal
growth retardation (Davis et al., 2015; Macko et al., 2016). In rhesus
monkeys, if infused directly into the mother, excess catecholamines
induce fetal hypoxia (Adamsons et al., 1971). However, not all studies
report an unfavourable consequence of elevated catecholamine con-
centration. In rats, chronic maternal infusion of EPI during different
timeframes of pregnancy did not affect fetal and placental weight or
length of pregnancy (Trend and Bruce, 1989). Other animal studies
even demonstrate that catecholamines are necessary for an intact en-
dometrium and fetal survival (Dong et al., 2016).
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3.2. Catecholamine-mediated reduction of the utero-placental
perfusion

Although there is some uncertainty regarding whether maternal
catecholamines can affect the fetus directly, NE in particular can influ-
ence fetal metabolism indirectly by reducing the utero-placental per-
fusion (UPP). The monoamine NE is a potent vasoconstrictor that in-
creases the vascular tone in a variety of organs including the uterus
(Hoffman et al., 1981; Rakers et al., 2015) and the placenta (Resch
et al., 2003) via activation of a-adrenergic receptors (Calzada and De
Artinano, 2001; Dreiling et al., 2016). The uterine arteries are partic-
ularly vulnerable to excessive NE concentrations as their susceptibil-
ity to a-adrenergic vasoconstriction is higher than that of the systemic
vasculature (Magness and Rosenfeld, 1986).

3.2.1. Maternal stress and UPP in human studies

During the last two decades, a number of studies have determined
the correlation between prenatal psychological stress and utero-pla-
cental and fetal haemodynamics in human pregnancies using standard
Doppler ultrasound techniques (Levine et al., 2016). To date, there
is inconclusive evidence on the association of maternal stress and
changes in maternal or fetal circulation. For example, in a recent study
of 104 healthy pregnant women, maternal psychological stress mea-
sured by self-reporting questionnaires was associated with a reduced
umbilical blood flow in the third trimester (Helbig et al., 2013). In
line with this finding, an earlier study on 100 healthy pregnant women
in their final trimester found a positive correlation between the uter-
ine artery resistance index and maternal anxiety as a marker of pre-
natal stress (Teixeira et al., 1999). However, in contrast, Monk et al.
were unable to demonstrate an association between depression or anx-
iety and a reduction in uterine or umbilical blood flow in a cohort of
pregnant women with a lifetime history of mental illness (Monk et
al., 2012). It should be pointed out that these ultrasound studies have
two major limitations. First, they did not take acute stress situations
into account. As will be discussed later, animal studies show that a
stress-induced uterine blood flow decrease is transient in nature and
limited to the temporary activation of the SAMS during acute stress-
ful situations. It is therefore not surprising that the findings from hu-
man Doppler ultrasound studies based on at-rest measurements are not
conclusive. Secondly, none of the studies correlated objective mea-
sures of maternal stress such as maternal catecholamines with fetal or
utero-placental haemodynamics.

3.2.2. Maternal stress and UPP in animal studies

Despite the inconclusive results from the ultrasound studies in hu-
mans, the impact of acute maternal stress on the UPP and fetal home-
ostasis has clearly been shown in several experiments in sheep and
non-human primates. In sheep, short-term physical stress induced by
electric shocks or psychological stress induced by isolation immedi-
ately reduced the uterine blood flow via o;-adrenergic receptors in the
uterine vasculature (Dreiling et al., 2016; Rakers et al., 2015; Shnider
et al., 1979). While short-term decreases of uterine blood flow of less
than three minutes were not associated with changes in fetal blood
gases (Shnider et al., 1979), isolation stress for two hours and a con-
secutive uterine blood flow decrease of approximately 20% shifted
fetal metabolism towards an anaerobic metabolic condition and in-
creased fetal catecholamine plasma concentration over the entire iso-
lation period (Rakers et al., 2015). Interestingly, the transient uter-
ine blood flow decrease appears to trigger a lactacidosis and a rise
of stress hormones in the fetus that outlast the maternal stress reac-
tion (Rakers et al., 2015). Fetal blood acidosis and stress-associated

cardiovascular changes during maternal psychological stress appear to
be multispecies effects that have also been observed in non-human pri-
mates (Myers, 1975, 1977).

3.2.3. Norepinephrine and UPP in animal studies

The inverse association between maternal NE concentrations and
the UPP is well documented. Most of the studies were conducted in
the 1970s and 1980s using the standard animal model for human preg-
nancy — the chronically instrumented, non-anaesthetized fetal sheep
(Barry and Anthony, 2008). In sheep, NE directly injected into the
uterine arteries (Barton et al., 1974) as well as in the maternal cir-
culation (Gu and Jones, 1986; Ladner et al., 1970) causes an im-
mediate vasoconstrictive response of the uterine arteries that signifi-
cantly reduces uterine blood flow. The NE-induced vasoconstriction
of the uterine arteries is followed by hypoxia and an anaerobic meta-
bolic condition of the placenta (Gu and Jones, 1986). Throughout
pregnancy, the a-adrenergic responsiveness of the uterine arteries is
attenuated, possibly protecting the near-term fetus from a stress-in-
duced, catecholamine-mediated decrease in the UPP (Magness and
Rosenfeld, 1986).

3.2.4. Reduction of UPP and the fetus

The fetus is able to sense even small changes in the reduction of
uterine blood flow and reacts to this reduction with an increase in
plasma catecholamines (Gu et al., 1985; Rakers et al., 2015). In sheep,
a reduction of uterine blood flow to 70-90% induced by a uterine
artery occluder did not change fetal oxygenation, heart rate or blood
pressure but led to a sustained increase in fetal catecholamines (Gu et
al., 1985). A possible explanation for the unchanged fetal oxygenation
is that a uterine blood flow decrease of one-third — as induced by ma-
ternal infusion of EPI — does not change umbilical blood flow (Gu and
Jones, 1986). To date, it is unclear how the fetus senses small reduc-
tions in uterine blood flow in the absence of an altered umbilical blood
flow. Fetal hypoxia in sheep is not induced until a reduction of uterine
blood flow to 30-50% (Gu et al., 1985).

3.3. Stress-induced impairment of placental catecholamine
metabolism

Compared to postnatal life, fetal plasma catecholamine concentra-
tion is low despite a high endogenous fetal catecholamine produc-
tion (Stein et al., 1993). The reason for this is a high placental cate-
cholamine clearance that is largely responsible for maintaining the fe-
tal catecholamine homeostasis (Bzoskie et al., 1995). It is conceivable
that a stress-induced disturbance in placental catecholamine clearance
would increase fetal catecholamine concentrations that in turn affect
fetal growth and development as discussed above. Recent work with
sheep in our laboratory showed an increased fetal catecholamine con-
centration after chronic prenatal psychosocial stress during the first
and second trimester (Rakers et al., under review). Indeed, there is
some evidence that several placental transporters and enzymes in-
volved in catecholamine breakdown are impaired by maternal stress
or pregnancy complications. For example, in human pregnancies com-
plicated by intrauterine growth restriction, drug abuse or fetal distress,
placental NE transporter mRNA expression was lower than in uncom-
plicated pregnancies (Bzoskie et al., 1997). Recently, human placental
monoamine oxidase A was reported to be negatively correlated to ma-
ternal depression and trait anxiety (Blakeley et al., 2013). However,
although it is conceivable, a direct link between developmental effects
of psychological stress and an impaired placental catecholamine clear-
ance has not yet been shown.
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4. Reactive oxygen species and oxidative stress

The life gas oxygen is one of the most important elements neces-
sary for embryonic and fetal development (Simon and Keith, 2008).
In mitochondria, oxygen is used as a substrate in the electron trans-
port chain to generate the energy-storage molecule adenosine triphos-
phate. As co-products of this oxygen metabolism, it is estimated that
0.2-2% of all oxygen molecules are reduced constantly into a number
of reactive oxygen species (ROS) including superoxide anion (O, ),
hydrogen peroxide (H,0,) and hydroxyl radical (*OH) (Shadel and
Horvath, 2015). Despite their essential role for intracellular signalling,
excessive ROS concentrations can induce severe cell damage by oxi-
dation of lipids, proteins and DNA (Reczek and Chandel, 2015). For
example, intracellular ROS decrease the activity of the epigenetic con-
trol mechanisms of nuclear DNA causing global DNA-hypo-methyla-
tion (Szumiel, 2015) and interfere with the control of histone methy-
lation (Niu et al., 2015). These modifications of the fetal epigenome
are thought to be one of the basic underlying mechanisms of fetal pro-
gramming of the HPAA (Godfrey et al., 2007). The cell has devel-
oped an extensive defence mechanism to neutralize improper concen-
trations of ROS including enzymatic scavengers and antioxidant mole-
cules (Monaghan et al., 2009). An imbalance between these enzymatic
and non-enzymatic antioxidant defence mechanisms and the produc-
tion of ROS is largely recognized as oxidative stress (OS), which has
been proposed as playing an important role as a mechanism of fetal
programming (Thompson and Al-Hasan, 2012).

During human pregnancy, a moderate increase of maternal OS is
physiological (Hung et al., 2010; Little and Gladen, 1999; Yang et al.,
2012). The first peak in maternal OS is observable in healthy preg-
nancies shortly after establishment of the maternal-fetal circulation,
i.e. late in the first trimester when the fetal metabolism shifts from
an anaerobic towards an aerobic state (Jauniaux et al., 2000; Wu et
al., 2015). The second peak in maternal OS, measured by OS markers
such as urinary 8-hydroxydeoxyguanosine and plasma 8-isoprostane,
is observable during the third trimester (Hung et al., 2010). However,
the mechanisms and biological implication for this physiological in-
crease in maternal ROS production during pregnancy are not currently
understood (Avila et al., 2015).

4.1. Oxidative stress and fetal development

There is growing evidence that excessive OS during different
phases of human pregnancy is associated with adverse pregnancy out-
comes such as spontaneous abortion (Gupta et al., 2007), intrauterine
growth restriction (Turpin et al., 2015; Weber et al., 2014), preterm
delivery (Ferguson et al., 2015; Joshi et al., 2008), gestational dia-
betes (Zhu et al., 2015) or preeclampsia (Sanchez-Aranguren et al.,
2014), which are in turn believed to contribute to fetal programming
of health and disease in later life (Jansson and Powell, 2007). How-
ever, evidence for a direct correlation between prenatal OS and disease
in later life is scarce. In a longitudinal study of primarily uncompli-
cated pregnancies, high maternal levels of urinary OS markers in the
first and second trimester correlated with the risk for small-for-gesta-
tional-age fetuses (Potdar et al., 2009). In agreement with that study,
normal-weight children that were born small-for-gestational-age were
found to have increased levels of OS and signs of insulin resistance
(Chiavaroli et al., 2009). Although well-designed human studies are
lacking at present, there are several studies conducted in rats that
have used maternal application of potent antioxidants to investigate
the programming capabilities of OS. For example, prenatal mater-
nal stress induced by restrained stress im-

paired cognitive function, neurogenesis and hippocampal GR expres-
sion in the offspring of rats. However, when the pregnant rats were
fed with the antioxidant hydroxytyrosol, these effects were prevented
(Zheng et al., 2015). Similar results were also achieved with other an-
tioxidants (Feng et al., 2010; Feng et al., 2012). However, whether
and at what concentration these antioxidants are able to be transferred
to the fetus remains unclear. An indirect effect of antioxidants on the
feto-placental unit has been described by Thakor et al. (Thakor et al.,
2010). Herein, maternal intravenous treatment of pregnant sheep with
melatonin or vitamin C increased the umbilical blood flow by increas-
ing the bioavailability of the potent vasodilator nitric oxide. Oxidative
stress may be particularly involved in the programming of cardiovas-
cular and metabolic disease characterized by endothelial irregularities.
Experimental studies using prenatally diet-restricted rats that consec-
utively develop hypertension have revealed that the underlying mech-
anism — an impaired endothelial dysfunction — is caused by increased
levels of OS (Franco Mdo et al., 2002). However, the importance of
these findings for human pregnancies is unclear.

4.2. Induction of oxidative stress by psychosocial stress

Several exogenous (e.g. food consumption, air pollutants, med-
ical drugs, radiation, psychological stress) and endogenous (e.g. phys-
ical exercise, inflammation, ischaemia/reperfusion) OS-eliciting fac-
tors have been identified (Moller et al., 1996), amongst which psy-
chosocial stress is of special interest for the purpose of this review.

The association between psychosocial stress and OS has been
demonstrated in several human and animal studies. In a group of uni-
versity students on the day of examination, single-strand breaks of
DNA in lymphocytes and oxidation of lipoproteins were increased
and plasma antioxidant activity significantly reduced compared to
a non-examination period (Sivonova et al., 2004). In a young and
healthy population, self-reported stress load at work or at home was
associated with a strong decrease in blood antiradical resistance in a
cross-sectional study (Lesgards et al., 2002). In agreement with this,
in a cohort of healthy blue-collar workers, 8-hydroxydeoxyguanosine
(a marker of oxidative DNA damage) was positively correlated to
the perceived workload and psychological stress particularly in fe-
males (Irie et al., 2001). Similarly, in rodents, oxidative status was
significantly increased in central neuronal tissue as well as in periph-
eral blood cells, heart, liver and spleen following acute restraint stress
(Chen et al., 2014, Spiers et al., 2013; Spiers et al., 2016; Wang et al.,
2007). In contrast, acute psychological stress decreased production of
ROS measured by chemiluminescence in phagocytic cells in a small
study of 13 healthy subjects (Atanackovic et al., 2002). Consequently,
larger clinical studies are required to verify the effects of acute and
chronic stress on oxidative status in humans. Moreover, it is currently
unknown whether psychological stress has an effect on or alters the
effects of OS during pregnancy.

4.3. Transfer of oxidative stress to the fetus

There is preliminary evidence supporting a positive correlation be-
tween OS markers in the mother and the fetus, suggesting a direct
or indirect interaction between maternal and fetal oxidative systems.
Argiilles et al. found that the oxidative state of the mother defined
by serum concentrations of lipid peroxides, carbonyl groups, and total
antioxidant capacity strongly correlated with the fetal oxidative state
during labour (Arguelles et al., 2006). In agreement with this, a pos-
itive correlation between maternal and neonatal oxidative status was
found for small-for-gestational-age newborns (Saker et al., 2008). In
mice, acute restraint stress caused OS in the uterus along with abnor-
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mal embryo implantation (Liu et al., 2014). The detailed mechanism
of the demonstrated interaction between maternal and fetal oxidative
systems is unknown. In contrast to maternal stress hormones like cor-
tisol, a direct maternal-fetal transfer of ROS induced by psychological
stress is not feasible due to the short half-life of highly reactive ROS
(Reth, 2002). However, maternal psychosocial stress may induce OS
in the fetus via indirect mechanisms such as a stress-induced reduction
of placental perfusion or in response to maternal cortisol. Although as
discussed above, evidence showing that acute maternal stress in hu-
mans reduces uterine perfusion is currently lacking, recent studies in
pregnant sheep — the standard model for human pregnancy — have
shown a stress-induced intermittent reduction of UPP (Dreiling et al.,
2016; Rakers et al., 2015). It is well established that the placenta in
humans and animals reacts to recurrent periods of hypoxia and reoxy-
genation with the generation of high levels of ROS (Burton and Hung,
2003). For example, a recent study demonstrated that rat placenta re-
sponded in vitro to a hypoxia-reoxygenation challenge with the secre-
tion of several factors that induced ROS in neurons of the embryonic
rat cerebral cortex (Curtis et al., 2014). These ROS-inducing factors
further decreased the dendritic lengths, branching complexity, spine
density and synaptic activity of the fetal cortical neurons in vitro. Fur-
thermore, glucocorticoids are known to increase OS in different tis-
sues, with the greatest effects observed in the brain (for summary of
meta-analysis see (Costantini et al., 2011)).

5. Cytokines and maternal immune response

Prenatal psychosocial stress during critical phases of pregnancy
can increase the risk for developing neuropsychiatric disorders in
later life that have also been associated with prenatal maternal in-
fection. Examples of these disorders are schizophrenia, non-affective
psychosis, mood disorders, autism spectrum disorders and epilepsy
(Blomstrom et al., 2015; Fine et al., 2014; Khandaker et al., 2013;
Simanek and Meier, 2015; Sun et al., 2008; Weinstock, 2008; Zerbo
et al., 2015). This suggests that both stressors, i.e. psychological stress
and maternal infections induce similar biological pathways that can
transfer maternal stress to the fetus. It has been specifically proposed
that maternal release of immunomodulation cytokines plays a signifi-
cant role in transferring psychological stress to the fetus (Entringer et
al., 2010b; Ratnayake et al., 2013).

Cytokines are an inhomogeneous group of soluble polypeptides
that mainly act as mediators of cell-to-cell signaling, are involved
in immunomodulation and have endocrine effects (Deverman and
Patterson, 2009). These proteins stimulate or suppress inflammation
through several mechanisms including modification of T-cell differ-
entiation, vascular permeability or release of acute-phase proteins
(O'Shea et al., 2002). Excess cytokines may alter fetal brain develop-
ment by direct interaction with fetal glial cells (Ratnayake et al., 2013)
and are closely linked to maternal-fetal stress transfer by cortisol and
ROS. Specific cytokines such as TNF-a, IL-18 and IFN-y promote the
production of ROS (Liu et al., 2000; Weaver et al., 2012) and have
also been shown to increase intracellular levels of OS. In addition,
pro-inflammatory cytokines such as TNF-a, IL-1 and IL-6 can acti-
vate the HPAA and stimulate glucocorticoid release (Silverman and
Sternberg, 2012).

Some researchers have proposed a slight elevation in circulat-
ing maternal cytokines during normal human pregnancy (Christian,
2012). However, the available data are conflicting and longitudinal
studies on cytokine concentrations during uncomplicated human preg-
nancies report inhomogeneous results. For example, in a large co-
hort of 1274 Danish women, Curry et al. found that IL-12, IL-6 and
IFN-y slightly increased from early to mid pregnancy, while IL-2

and TNF-o remained stable (Curry et al., 2008). In contrast, two
smaller studies found a decrease of IL-2 and IFN-y (Marzi et al., 1996)
or reported stable concentrations of IL-6 and IFN-y during pregnancy
(Makhseed et al., 2000).

5.1. Cytokines and fetal development

Despite the various epidemiological studies linking maternal im-
mune-activating prenatal infections with neuropsychiatric, metabolic
or immunological disease in later life, evidence for the programming
potential of maternal cytokines remains vague and is mainly based on
animal studies using pro-inflammatory substances to provoke a mater-
nal immune reaction (Mandal et al., 2013; Meyer et al., 2008; Straley
et al., 2016). To date, three smaller human birth cohorts have been
used to investigate the association between maternal cytokine concen-
trations during pregnancy and the risk for schizophrenic spectrum dis-
orders in the offspring. In all three studies, the majority of the pro-in-
flammatory maternal cytokines that were analysed were not associ-
ated with the risk for psychosis in the offspring. Furthermore, when
positive associations between specific maternal pro-inflammatory cy-
tokines, e.g. TNF-a or IL-8, and the risk for neuropsychiatric disease
in the offspring were detected, these could not be reproduced in the
other studies (Allswede et al., 2016; Brown et al., 2004; Buka et al.,
2001). However, one of the studies reported a protective effect of
anti-inflammatory Th2 cytokines (IL-4/5/13) for developing psychosis
(Allswede et al., 2016). Due to the nature of these clinical studies,
a causal link between maternal cytokine concentration and fetal out-
come is not possible.

There are only a few experimental studies investigating the role
of stress-induced maternal inflammation or direct maternal cytokine
application in fetal programming. In a mouse model of early prena-
tal stress, maternal stress induced an upregulation of pro-inflamma-
tory placental genes including IL-18 and IL-6 and resulted in a hyper-
active phenotype in male offspring. This gene upregulation and hy-
peractive phenotype could be prevented by maternal application of
non-steroidal anti-inflammatory drugs (Bronson and Bale, 2014). In
studies using pregnant rats, application of IL-6 resulted in structural
changes in the hippocampus of offspring and decreased learning po-
tential (Samuelsson et al., 2006), increased body weight and decreased
insulin sensitivity (Dahlgren et al., 2001), as well as arterial hyperten-
sion and hyperactivity of the adult HPAA (Samuelsson et al., 2004).
Prenatal maternal immune activation with a viral mimic in wild-type
mice resulted in schizophrenia-like behavioural changes in their off-
spring that were not present in the offspring of IL-6-knockout mice
(Smith et al., 2007). In addition, when an IL-6 antibody was added to
the viral mimic, maternal immune activation-related changes in gene
expression in brains of adult offspring could be prevented (Smith et
al., 2007). These studies suggest a prominent role of maternal IL-6
in the programming of behavioural and cardiovascular disease. How-
ever, results attained from studies of human cohorts do not fully sup-
port this observation, which may be a consequence of small numbers
of study patients and significantly different designs and outcome as-
sessments.

5.2. Release of cytokines by psychosocial stress

It is well established that in non-pregnant women and rodents,
psychosocial stress elicits a sustained increase in circulating inflam-
matory cytokines (LeMay et al., 1990; Steptoe et al., 2007). Since
maternal cardiovascular and neuroendocrine stress sensitivity as well
as the general immune responsiveness are attenuated during human
pregnancy (Christian, 2012; Entringer et al., 2010a; Weetman, 2010),
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observations from non-pregnant women cannot be extrapolated to cy-
tokine release in pregnant women. Yet, there is preliminary evidence
that acute or chronic stress can also trigger cytokine release during
pregnancy. In a study of 24 pregnant women, chronic psychosocial
stress and a low level of social support were associated with higher
plasma concentrations of pro-inflammatory IL-6 and TNF-a as well as
low levels of anti-inflammatory IL-10 (Coussons-Read et al., 2005).
Another study recently showed that acute mental stress in pregnant
women provoked a sustained and prolonged increase in the pro-in-
flammatory circulating IL-6 concentration (Christian et al., 2013).

5.3. Transfer of cytokines to the fetus

Knowledge about the transfer of maternal cytokines to the hu-
man fetus is limited, although animal studies suggest that maternal
cytokines can pass through the placenta and enter fetal circulation
(Andersson et al., 2016; Dahlgren et al., 2001; Zaretsky et al., 2004).
A very recent study of 43 pregnant women examined the association
between stress perception during the second trimester and cytokines
in the umbilical cord blood of newborn infants (Andersson et al.,
2016). In that study, increased maternal stress measured by five dif-
ferent questionnaires during the second trimester was associated with
increased levels of IL-18, IL-4, IL-5, IL-6 and IL-8 in the umbilical
cord blood of newborn infants. However, due to the nature of the study
design, a causal link between maternal and fetal cytokines could not
be demonstrated and it remains unclear whether fetal cytokines were
of endogenous or maternal origin. Ex vivo perfusion studies in healthy
term human placentas provide contradictory results regarding the abil-
ity of cytokines to pass through the placental barrier. While Aalto-
nen et al. could not demonstrate a placental transfer of the maternal
cytokines IL-1, IL-6 and TNF-a to the fetus (Aaltonen et al., 2005),
Zaretsky et al. reported a predominantly bidirectional transfer of these
cytokines from mother to fetus and vice versa (Zaretsky et al., 2004).
In another perfusion study, IL-8 was not able to cross the human pla-
centa in either direction (Reisenberger et al., 1996). In contrast to these
ambiguous results from human perfusion studies, rodent studies sug-
gest maternal-fetal transfer for at least some cytokines, such as IL-6.
In rats, maternal-fetal transfer of IL-6 was found to be more distinct
in mid than in late gestation (Dahlgren et al., 2006), whereas in mice,
IL-4 and IL-13 were not seen to cross the placenta (Lim and Kobzik,
2009). Apart from a transfer of maternal cytokines to the fetus, it is
also conceivable that the placenta itself is a source of cytokines that
are secreted into the fetal circulation in response to maternal stress.
Interestingly, it has been shown that maternal immune activation and
consecutive cytokine release trigger placental production of IL-6 and
other pro-inflammatory cytokines (Hsiao and Patterson, 2011). How-
ever, whether maternal stress can induce placental cytokine produc-
tion remains unclear.

6. Serotonin and tryptophan

The monoamine serotonin (5-hydroxytryptamine, 5-HT) functions
as a neurotransmitter in the central, peripheral and enteric nervous
systems of animals and humans. 5-HT is synthesized from the es-
sential amino acid tryptophan via the enzyme tryptophan hydroxylase
and is involved in the pathophysiology of several neuropsychiatric
diseases including depression, psychosis and cognitive disorders (for
review see (Naughton et al., 2000)). Recently, it has been proposed
that 5-HT and its precursor tryptophan are involved in maternal-fe-
tal stress transfer and fetal programming (Bonnin and Levitt, 2011;

Goeden et al., 2013; St-Pierre et al., 2015). However, evidence, espe-
cially from humans, is limited at present.

6.1. Serotonin and fetal development

5-HT, detectable at as early as seven weeks of human fetal devel-
opment (Kinney et al., 2007), is crucial for placentation and embry-
onic, fetal and postnatal brain and cardiovascular development in hu-
mans and animals (Bonnin and Levitt, 2011; St-Pierre et al., 2015).
Thus, it is plausible that prenatal disturbances in the fetal serotonergic
homeostasis may have long-lasting psychological and physical con-
sequences for later life. For example, knockout mice lacking central
parts of the serotonergic system are vulnerable to developing anxi-
ety disorders, aggression and drug abuse in adulthood (Gingrich and
Hen, 2001). Experimentally induced maternal depletion of 5-HT lev-
els during pregnancy was found to reduce serotonin receptor expres-
sion in the developing rat forebrain (Chen et al., 2012) and to induce
dilated cardiomyopathy in the offspring, with the severity being neg-
atively correlated to the maternal plasma 5-HT concentration during
pregnancy (Fligny et al., 2008). However, the impact of excessive
maternal serotonin concentrations on fetal development is less clear.
Feeding of a tryptophan-enriched diet to pregnant rats resulted in hy-
perserotonaemia (Castrogiovanni et al., 2014; Musumeci et al., 2014),
low growth hormone concentration (Musumeci et al., 2014), changes
in the expression of 5-HT-regulating genes (Blazevi¢ and Hranilovi¢,
2013) and a delayed maturation of the central serotonergic system
(Huether et al., 1992) in the developing offspring. Repeated mater-
nal injections of tryptophan administered to pregnant rats resulted
in an increased brain serotonin synthesis (Hernandez-Rodriguez and
Chagoya, 1986) and reduced anxiety-like behaviour in the offspring
(Blazevic et al., 2012). In contrast, pups of pregnant rats given injec-
tions of 5-HT during mid to late gestation exhibited an increased anx-
iety-like behaviour (Blazevi¢ et al., 2011), suggesting that the effects
of tryptophan injections on the fetus are not or not entirely mediated
by serotonin.

6.2. Release of serotonin and tryptophan by psychosocial stress

Though experimental alterations in maternal serotonin or trypto-
phan homeostasis during pregnancy influence fetal development, it is
currently not well understood if psychosocial stress can elicit simi-
lar effects. Preliminary evidence derived from rodents suggests that
psychosocial stress during pregnancy increases maternal tryptophan
plasma concentrations that are associated with an increase in trypto-
phan and 5-HT levels in the fetal brain (Peters, 1990). It has been
reported that stress induced by electric foot shocks, restraint, dip-
ping in cold water or prolonged water immersion restraint increases
plasma tryptophan and 5-HT concentrations (Malyszko et al., 1994;
Weil-Fugazza and Godefroy, 2014), whereas these parameters de-
crease after a short water immersion restraint stress (Takada et al.,
1996). These results demonstrate the potential impact of stress on
serotonin metabolism that appears to depend on the type, intensity and
duration of the stressor. However, whether acute or chronic stress in
humans can elicit similar alterations and the influence of pregnancy on
these potential alterations remains to be clarified.

6.3. Transfer of serotonin and tryptophan to the fetus

Maternal 5-HT appears to be essential for normal fetal develop-
ment in rodents and it has been suggested that maternal 5-HT can be
transferred directly to the fetus (Cote et al., 2007). However, using an
ex vivo, perfused and live murine placenta, it has been demonstrated
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that less than 0.5% of free maternal plasma 5-HT is able to overcome
the placental barrier (Bonnin et al., 2011), thus making a direct im-
pact of maternal 5-HT on fetal development less likely. In contrast,
the positive correlation between a stress-induced increase of maternal
plasma tryptophan concentration and fetal brain tryptophan concen-
tration in rodents reported by Peters (Peters, 1990) suggests a greater
likelihood that stress-induced maternal tryptophan is able to cross the
placenta into the fetal circulation. Indeed, active transport of amino
acids, including tryptophan, across the placenta is essential for human
and animal fetal growth and development and, moreover, the transport
mechanisms are well characterized (for review see (Cleal and Lewis,
2008)). In addition, an indirect effect of maternal stress-induced in-
crease of tryptophan on the fetus has recently been proposed (Bonnin
et al., 2011; Goeden et al., 2013). Tryptophan injected into the uter-
ine arteries of a perfused mouse placenta leads to an increase in 5-HT
in the fetal placental circulation (Bonnin et al., 2011). Similarly, ma-
ternal stress-induced increases in tryptophan concentrations could act
as a substrate for placental 5S-HT synthesis. Indeed, during early preg-
nancy, the placenta is an exogenous source of 5-HT necessary for the
developing fetal forebrain (Bonnin et al., 2011). Disturbance of the
serotonergic signaling in mice in vivo leads, for example, to patholog-
ical thalamocortical axon trajectories (Bonnin et al., 2007). The tryp-
tophan-induced placental synthesis of serotonin could help explain the
programming effects of maternal stress on behaviour and neuropsy-
chiatric disease, especially during early pregnancy when fetal HPAA
is not mature and GR are not widely expressed.

7. Maternal microbiota and programming of the gut-brain axis

All stress-transfer mechanisms reviewed thus far can exert their di-
rect or indirect influence during different timeframes from early till
late pregnancy when neural plasticity and relative brain growth is at its
greatest. An additional stress-transfer mechanism — the maternal-fe-
tal transmission of an impaired maternal microbiota and programming
of the developing ‘gut-brain axis’ — differs in that it exerts its effect
on the fetus only during parturition or shortly thereafter. Since evi-
dence for this relatively new hypothesis has only recently been exten-
sively reviewed (Jasarevi¢ et al., 2015; O'Mahony et al., 2017), we
only briefly discuss the background and principle idea of this indirect
stress-transfer mechanism.

The healthy human gut is colonized by diverse microbial com-
munities consisting essentially of bacteria and to a lesser degree of
archea, viruses, fungi and protozoa (Sommer and Backhed, 2013).
These diverse microbial communities are collectively referred to as
the gut microbiota. Its physiological role haslong been re-
garded solely as being a supplement for the hosts” metabolism and di-
gestion. Tremaroli and Backhed, 2012). However, it is now thought
that the gut microbiota is essential for early development and modula-
tion of the regulation of hosts’ physiology, immune response, central
nervous function, neurocognition, behavior and the neuroendocrine
system including the HPAA (O'Mahony et al., 2015; Sherman et
al., 2015; Sommer and Backhed, 2013). The gut microbiota com-
municates with the central nervous system and the immune system
via an integrated, bidirectional communication pathway that amongst
others involves inflammatory cytokines, neuromodulators and neuro-
transmitters (Mayer, 2011; O'Mahony et al., 2015; Petra et al., 2015;
Sommer and Backhed, 2013; Tremaroli and Backhed, 2012). Conse-
quently, disturbances in this communication system — the so called
‘gut-brain’ axis — have been associated with a number of neuro-
logical and psychiatric diseases such as depression, anxiety disor-
ders, attention deficit hyperactivity disorder and autoimmunologi-

cal disease such as multiple sclerosis (Foster and McVey Neufeld,
2013; Petra et al., 2015).

The initial development of the ‘gut-brain’ axis is thought to begin
mainly during parturition when the fetus passes the birth channel and
ingests parts of the vaginal microbiota that colonizes the so far ster-
ile fetal gut (Cilieborg et al., 2012). The vaginal microbiota itself is
known to be quite sensitive to chronic maternal stress that in addi-
tion to the pregnancy per se also suppresses maternal immune function
(see Chapter 5). For example, chronic maternal stress increases the
risk for bacterial (Culhane et al., 2001; Nansel et al., 2006) and fun-
gal (Ehrstrom et al., 2005) vaginosis potentially altering the vaginal
microbiota. It has been hypothesized that stress-induced unfavorable
changes in the vaginal microbiota are transferred to the fetus during
parturition, affect initial gut colonization and thus, change the enteric
synthesis of neuroinflammatory cytokines, neuromodulators and neu-
rotransmitters involved in the newborns’ neurodevelopment (Jasarevi¢
et al., 2015). This modulated function of the ‘gut-brain’ axis and a dif-
ferent trajectory of neurodevelopment may lead to a greater suscepti-
bility for neuropsychiatric disease in later life (JaSarevi¢ et al., 2015).

First data supporting this new hypothesis have lately been pub-
lished. For example, a large case-control study reported an associa-
tion between urovaginal infections during pregnancy and autism spec-
trum disorders in the offspring (Zerbo et al., 2015) even though it is
unknown whether these infections are linked to maternal stress. Ma-
ternal stress, however, was associated with intestinal microbiota of
human infants determined by a phylogenetic microarray (Zijlmans et
al., 2015). In the study, especially the gut microbiota of infants of
highly stressed mothers was colonized with pathogenic proteobacter-
ial groups. Yet, due to the study design, a causal relationship between
maternal stress and the infants’ gut microbiota could not been substan-
tiated. It could recently be demonstrated in mice that prenatal stress
altered the mothers’ vaginal microbiome that was associated with the
offspring” microbiota composition and changes in metabolic pathways
of the ‘gut-brain’ axis relevant for physiological neurodevelopment
(Jasarevic et al., 2015). Interventional therapies are already under dis-
cussion and, most notably, maternal application of probiotic micro-or-
ganisms has received greater attention (Dinan and Cryan, 2012). How-
ever, as yet, the impact of probiotic therapy on infants’ gut micro-
biota and neurocognitive development especially under consideration
of prenatal stress is unclear.

Even though some promising results already exist, it is currently
unclear if a stress-induced alteration in maternal microbiota and its
vertical transmission to the fetus or newborn is a relevant stress-trans-
fer mechanism. However, the importance of the maternal microbiota
for offspring development and the modulation of the maternal micro-
biota by psychological stress is currently a highly dynamic research
field and new insights can be expected in the near future.

8. Conclusion

Cortisol is a well-established and well-characterized mediator of
maternal psychosocial stress to the fetus. The ability of cortisol to
pass through the placenta, to modify the maturation and function of
several organ systems and to induce long-lasting changes in the fe-
tal HPAA’s activity is a fundamental mechanism of fetal program-
ming of health and disease. The maturation of the fetal HPAA and the
peak of GR expression during late gestation suggest that the program-
ming effects of maternal cortisol on the fetus are particularly relevant
in advanced pregnancy. In addition to cortisol, there is emerging evi-
dence that several other substances such as catecholamines, ROS, cy-
tokines and serotonin that are released during acute or chronic mater-
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nal stress have direct or indirect stress-transfer capabilities. Maternal
catecholamines released during an acute stressful situation may play a
greater role in maternal-fetal stress transfer than previously assumed.
Even though catecholamines are not able to pass through the placen-
tal barrier in physiologically relevant concentrations, they are capable
of reducing the UPP via a,-adrenergic vasoconstriction of the uterine
arteries, as has been shown in sheep and non-human primates. The
consecutive shift of the fetal metabolism towards an anaerobic meta-
bolic state and the induction of endogenous fetal catecholamine secre-
tion may contribute to an adverse fetal development. Similar to ma-
ternal cortisol and catecholamines, maternal OS has also been asso-
ciated with an adverse pregnancy outcome and impaired fetal devel-
opment. In addition, OS can interfere with epigenetic control mech-
anisms including histone methylation. However, although psychoso-
cial stress can promote OS formation in the mother and maternal and
fetal OS statuses are closely related, the mechanism of OS transfer
from mother to fetus and thus the role of OS as a mediator of pre-
natal maternal stress are not well understood. Maternal ROS cannot
be transferred directly to the fetus due to their short half-life. Yet, in
response to repetitive hypoxia-reoxygenation, the placenta generates
large amounts of OS that can affect fetal neuron development in vitro.
Further studies are required to determine whether psychosocial stress
also leads to repetitive hypoxia-reoxygenation conditions in the pla-
centa that induce ROS and consecutively affect fetal development in
vivo. Several maternal cytokines including pro-inflammatory IL-6 are
released during acute or chronic psychosocial stress. Animal studies
show that cytokines are able to pass through the placenta and reach the
fetus. This makes them potential candidates for transmitting maternal
psychological stress to the fetus with potentially negative effects for
the offspring. For example, maternal IL-6 appears to increase the risk
for behavioural disorders and cardiovascular diseases in later life in
the offspring. However, concerning human studies, only small cohorts
have been analyzed and have generated ambivalent results regard-
ing maternal-fetal cytokine transfer in the primate placenta. Amongst
the mediators of maternal stress to the fetus, serotonin and its pre-
cursor tryptophan have recently attracted particular attention. Sero-
tonin and tryptophan are released during psychological and physical
stress. While maternal serotonin cannot pass through the placental bar-
rier, it has recently been discovered that maternal tryptophan is con-
verted into serotonin by the placenta during early, but not late, preg-
nancy and released into the fetal circulation. Since there is prelim-
inary evidence derived from rodents that excess maternal serotonin
levels during pregnancy are associated with behavioural problems in
the offspring, placental conversion of maternal tryptophan into sero-
tonin may contribute to the vulnerability of the fetus during early preg-
nancy to develop neuropsychiatric disorders after exposure to mater-
nal stress. At this stage of fetal development, it is not very likely that
increased maternal-fetal cortisol transfer solely mediates the program-
ming effects of maternal stress because fetal GR are not yet expressed
in relevant numbers and the fetal HPAA is silent. However, evidence
for maternal-fetal stress transfer via tryptophan is currently based on
rodent studies and verification of this stress-transfer mechanism in
other species including humans is pending. The same is true for the
newly hypothesized role of a stress-induced alteration in the maternal
microbiota and its transmission to the fetus or newborn. Even though
some promising results derived from rodents exist, the importance of
this indirect stress transfer mechanism has to be determined and the
translation into human population has yet to take place.

To summarize, direct maternal transfer of stress to the fetus by
cortisol which crosses the placenta is supplemented by numerous
other mediators, including catecholamines, ROS, cytokines and sero-

tonin/tryptophan, which transfer maternal stress to the fetus directly or
indirectly. However, we are only just beginning to understand the spe-
cific roles of the individual mediators, the vulnerable time-windows of
the fetus to these mediators and the interactions amongst the media-
tors. In this highly dynamic field of research, even new stress transfer
mechanisms such as the maternal microbiota have been proposed. For
a better understanding, further investigations are required, especially
in large animal models of human pregnancy and human cohorts.

Funding sources

Otto W. Witte received support from BMBF Gerontosys/
JenaAge031 5581B, BMBF Bernstein Fokus01GQ0923, BMBF
Irestral 6SV7209, DFG For 1738 Wi 830/10-1, 2 and DFG Bul327/
4-1. Matthias Schwab and Otto W. Witte received support from EU
FP7/Health.2011.2.22-2GA 2798219.

Declaration of interest
All authors report no conflict of interest.

References

Aaltonen, R., Heikkinen, T., Hakala, K., Laine, K., Alanen, A., 2005. Transfer of
proinflammatory cytokines across term placenta. Obstet. Gynecol. 106, 802—-807.

Adamsons, K., Mueller-Heubach, E., Myers, R.E., 1971. Production of fetal asphyxia
in the rhesus monkey by administration of catecholamines to the mother. Am. J.
Obstet. Gynecol. 109, 248-262.

Allswede, D.M., Buka, S.L., Yolken, R.H., Torrey, E.F., Cannon, T.D., 2016. Elevated
maternal cytokine levels at birth and risk for psychosis in adult offspring. Schizo-
phr. Res. 172, 41-45.

Andersson, N.W., Li, Q., Mills, C.W., Ly, J., Nomura, Y., Chen, J., 2016. Influence of
prenatal maternal stress on umbilical cord blood cytokine levels. Arch. Womens
Ment. Health 19, 761-767.

Arguelles, S., Machado, M.J., Ayala, A., Machado, A., Hervias, B., 2006. Correlation
between circulating biomarkers of oxidative stress of maternal and umbilical cord
blood at birth. Free Radic. Res. 40, 565-570.

Atanackovic, D., Brunner-Weinzierl, M.C., Kroger, H., Serke, S., Deter, H.C., 2002.
Acute psychological stress simultaneously alters hormone levels, recruitment of
lymphocyte subsets, and production of reactive oxygen species. Immunol. In-
vest. 31, 73-91.

Avila, J.G., Echeverri, 1., de Plata, C.A., Castillo, A., 2015. Impact of oxidative stress
during pregnancy on fetal epigenetic patterns and early origin of vascular diseases.
Nutr. Rev. 73, 12-21.

Barry, J.S., Anthony, R.V., 2008. The pregnant sheep as a model for human preg-
nancy. Theriogenology 69, 55-67.

Barton, M.D., Killam, A.P., Meschia, G., 1974. Response of ovine uterine blood flow
to epinephrine and norepinephrine. Proc. Soc. Exp. Biol. Med. 145, 996-1003.

Bassett, J.M., Hanson, C., 1998. Catecholamines inhibit growth in fetal sheep in the
absence of hypoxemia. Am. J. Physiol. 274, R1536-1545.

Blazevié, S., Hranilovié, D., 2013. Expression of 5SHT-related genes after perinatal
treatment with SHT agonists. Transl. Neurosci. 4, 165-171.

Blazevi¢, S., Dolenec, P., Hranilovi¢, D., 2011. Physiological consequences of perina-
tal treatment of rats with 5-hydroxytryptophan. Period. Biol. 113, 81-86.

Blakeley, P.M., Capron, L.E., Jensen, A.B., O'Donnell, K.J., Glover, V., 2013. Mater-
nal prenatal symptoms of depression and down regulation of placental monoamine
oxidase A expression. J. Psychosom. Res. 75, 341-345.

Blazevic, S., Colic, L., Culig, L., Hranilovic, D., 2012. Anxiety-like behavior and cog-
nitive flexibility in adult rats perinatally exposed to increased serotonin concentra-
tions. Behav. Brain Res. 230, 175-181.

Blomstrom, A., Gardner, R.M., Dalman, C., Yolken, R.H., Karlsson, H., 2015. Influ-
ence of maternal infections on neonatal acute phase proteins and their interaction
in the development of non-affective psychosis. Transl. Psychiatry 5, €502.

Bonnin, A., Levitt, P., 2011. Fetal, maternal, and placental sources of serotonin and
new implications for developmental programming of the brain. Neuro-
science 197, 1-7.

Bonnin, A., Torii, M., Wang, L., Rakic, P., Levitt, P., 2007. Serotonin modulates the
response of embryonic thalamocortical axons to netrin-1. Nat. Neu-
rosci. 10, 588-597.



10 Neuroscience and Biobehavioral Reviews xxx (2017) XxXX-Xxx

Bonnin, A., Goeden, N., Chen, K., Wilson, M.L., King, J., Shih, J.C., Blakely, R.D.,
Deneris, E.S., Levitt, P., 2011. A transient placental source of serotonin for the fe-
tal forebrain. Nature 472, 347-350.

Bronson, S.L., Bale, T.L., 2014. Prenatal stress-induced increases in placental inflam-
mation and offspring hyperactivity are male-specific and ameliorated by maternal
antiinflammatory treatment. Endocrinology 155, 2635-2646.

Brown, A.S., Hooton, J., Schaefer, C.A., Zhang, H., Petkova, E., Babulas, V., Perrin,
M., Gorman, J.M., Susser, E.S., 2004. Elevated maternal interleukin-8 levels and
risk of schizophrenia in adult offspring. Am. J. Psychiatry 161, 889-895.

Buka, S.L., Tsuang, M.T., Torrey, E.F., Klebanoff, M.A., Wagner, R.L., Yolken, R.H.,
2001. Maternal cytokine levels during pregnancy and adult psychosis. Brain Be-
hav. Immun. 15, 411-420.

Burton, G.J., Hung, T.-H., 2003. Hypoxia-reoxygenation; a potential source of placen-
tal oxidative stress in normal pregnancy and preeclampsia. Fetal Maternal Med.
Rev. 14,97-117.

Bzoskie, L., Blount, L., Kashiwai, K., Tseng, Y.T., Hay Jr., W.W., Padbury, J.F., 1995.
Placental norepinephrine clearance: in vivo measurement and physiological role.
Am. J. Physiol. 269, E145-149.

Bzoskie, L., Yen, J., Tseng, Y.T., Blount, L., Kashiwai, K., Padbury, J.F., 1997. Hu-
man placental norepinephrine transporter mRNA: Expression and correlation with
fetal condition at birth. Placenta 18, 205-210.

Calzada, B.C., De Artinano, A.A., 2001. Alpha-adrenoceptor subtypes. Pharmacol.
Res. 44, 195-208.

Castrogiovanni, P., Musumeci, G., Trovato, F.M., Avola, R., Magro, G., Imbesi, R.,
2014. Effects of high-tryptophan diet on pre- and postnatal development in rats: a
morphological study. Eur. J. Nutr. 53, 297-308.

Challis, J.R., Sloboda, D., Matthews, S.G., Holloway, A., Alfaidy, N., Patel, F.A.,
Whittle, W., Fraser, M., Moss, T.J., Newnham, J., 2001. The fetal placental hypo-
thalamic-pituitary-adrenal (HPA) axis, parturition and post natal health. Mol. Cell.
Endocrinol. 185, 135-144.

Chapman, K., Holmes, M., Seckl, J., 2013. 11beta-hydroxysteroid dehydrogenases: in-
tracellular gate-keepers of tissue glucocorticoid action. Physiol.

Rev. 93, 1139-1206.

Charil, A., Laplante, D.P., Vaillancourt, C., King, S., 2010. Prenatal stress and brain
development. Brain Res. Rev. 65, 56-79.

Chen, A., Kelley, L.D., Janusonis, S., 2012. Effects of prenatal stress and monoaminer-
gic perturbations on the expression of serotonin 5-HT(4) and adrenergic beta(2) re-
ceptors in the embryonic mouse telencephalon. Brain Res. 1459, 27-34.

Chen, H.J., Spiers, J.G., Sernia, C., Anderson, S.T., Lavidis, N.A., 2014. Reactive ni-
trogen species contribute to the rapid onset of redox changes induced by acute im-
mobilization stress in rats. Stress 17, 520-527.

Chiavaroli, V., Giannini, C., D'Adamo, E., de Giorgis, T., Chiarelli, F., Mohn, A.,
2009. Insulin resistance and oxidative stress in children born small and large for
gestational age. Pediatrics 124, 695-702.

Christian, L.M., Glaser, R., Porter, K., Iams, J.D., 2013. Stress-induced inflammatory
responses in women: effects of race and pregnancy. Psychosom.

Med. 75, 658-669.

Christian, L.M., 2012. Psychoneuroimmunology in pregnancy: immune pathways link-
ing stress with maternal health, adverse birth outcomes, and fetal development.
Neurosci. Biobehav. Rev. 36, 350-361.

Cilieborg, M.S., Boye, M., Sangild, P.T., 2012. Bacterial colonization and gut develop-
ment in preterm neonates. Early Hum. Dev. 88 (Suppl. 1), S41-49.

Cleal, J.K., Lewis, R.M., 2008. The mechanisms and regulation of placental amino
acid transport to the human foetus. J. Neuroendocrinol. 20, 419-426.

Costantini, D., Marasco, V., Moller, A.P., 2011. A meta-analysis of glucocorticoids as
modulators of oxidative stress in vertebrates. J. Comp. Physiol. B 181, 447-456.

Cote, F., Fligny, C., Bayard, E., Launay, J.M., Gershon, M.D., Mallet, J., Vodjdani, G.,
2007. Maternal serotonin is crucial for murine embryonic development. Proc. Natl.
Acad. Sci. U. S. A. 104, 329-334.

Cottrell, E.C., Seckl, J.R., 2009. Prenatal stress, glucocorticoids and the programming
of adult disease. Front. Behav. Neurosci. 3, 19.

Coussons-Read, M.E., Okun, M.L., Schmitt, M.P., Giese, S., 2005. Prenatal stress al-
ters cytokine levels in a manner that may endanger human pregnancy. Psychosom.
Med. 67, 625-631.

Culhane, J.F., Rauh, V., McCollum, K.F., Hogan, V.K., Agnew, K., Wadhwa, P.D.,
2001. Maternal stress is associated with bacterial vaginosis in human pregnancy.
Matern. Child Health J. 5, 127-134.

Curry, A.E., Vogel, L., Skogstrand, K., Drews, C., Schendel, D.E., Flanders, W.D.,
Hougaard, D.M., Thorsen, P., 2008. Maternal plasma cytokines in early- and
mid-gestation of normal human pregnancy and their association with maternal fac-
tors. J. Reprod. Immunol. 77, 152-160.

Curtis, D.J., Sood, A., Phillips, T.J., Leinster, V.H., Nishiguchi, A., Coyle, C.,
Lacharme-Lora, L., Beaumont, O., Kemp, H., Goodall, R., Cornes, L., Giugliano,
M., Barone, R.A., Matsusaki, M., Akashi, M., Tanaka, H.Y., Kano, M., McGar-
vey, J., Halemani, N.D., Simon, K., Keehan, R., Ind, W., Masters, T., Grant, S.,
Athwal, S., Collett, G., Tannetta, D., Sargent, L.L., Scull-Brown, E., Liu, X.,
Aquilina, K., Cohen, N., Lane, J.D., Thoresen, M., Hanley, J., Ran-

dall, A., Case, C.P., 2014. Secretions from placenta, after hypoxia/reoxygenation,
can damage developing neurones of brain under experimental conditions. Exp.
Neurol. 261, 386-395.

Dahlgren, J., Nilsson, C., Jennische, E., Ho, H.P., Eriksson, E., Niklasson, A., Bjorn-
torp, P., Albertsson Wikland, K., Holmang, A., 2001. Prenatal cytokine exposure
results in obesity and gender-specific programming. Am. J. Physiol. Endocrinol.
Metab. 281, E326-334.

Dabhlgren, J., Samuelsson, A.M., Jansson, T., Holmang, A., 2006. Interleukin-6 in the
maternal circulation reaches the rat fetus in mid-gestation. Pediatr.

Res. 60, 147-151.

Davis, E.P., Sandman, C.A., 2010. The timing of prenatal exposure to maternal cortisol
and psychosocial stress is associated with human infant cognitive development.
Child Dev. 81, 131-148.

Davis, M.A., Macko, A.R., Steyn, L.V., Anderson, M.J., Limesand, S.W., 2015. Fetal
adrenal demedullation lowers circulating norepinephrine and attenuates growth re-
striction but not reduction of endocrine cell mass in an ovine model of intrauterine
growth restriction. Nutrients 7, 500-516.

Deverman, B.E., Patterson, P.H., 2009. Cytokines and CNS development. Neu-
ron 64, 61-78.

Dinan, T.G., Cryan, J.F., 2012. Regulation of the stress response by the gut microbiota:
implications for psychoneuroendocrinology. Psychoneuroendocrinol-
ogy 37, 1369-1378.

Dong, Y., Liu, G., Wang, Z., Li, J., Cao, J., Chen, Y., 2016. Effects of catecholaminer-
gic nerve lesion on endometrial development during early pregnancy in Mice. His-
tol. Histopathol. 31, 415-424.

Dreiling, M., Bischoff, S., Schiffner, R., Rupprecht, S., Kiehntopf, M., Schubert, H.,
Witte, O.W., Nathanielsz, P.W., Schwab, M., Rakers, F., 2016. Stress-induced de-
crease of uterine blood flow in sheep is mediated by alpha 1-adrenergic receptors.
Stress 1-5.

Ehrstrom, S.M., Kornfeld, D., Thuresson, J., Rylander, E., 2005. Signs of chronic
stress in women with recurrent candida vulvovaginitis. Am. J. Obstet. Gy-
necol. 193, 1376-1381.

Entringer, S., Buss, C., Shirtcliff, E.A., Cammack, A.L., Yim, L.S., Chicz-DeMet, A.,
Sandman, C.A., Wadhwa, P.D., 2010. Attenuation of maternal psychophysiologi-
cal stress responses and the maternal cortisol awakening response over the course
of human pregnancy. Stress 13, 258-268.

Entringer, S., Buss, C., Wadhwa, P.D., 2010. Prenatal stress and developmental pro-
gramming of human health and disease risk: concepts and integration of empirical
findings. Curr. Opin. Endocrinol. Diabetes Obes. 17, 507-516.

Feng, Z., Jia, H., Li, X., Bai, Z., Liu, Z., Sun, L., Zhu, Z., Bucheli, P., Ballevre, O.,
Wang, J., Liu, J., 2010. A milk-based wolfberry preparation prevents prenatal
stress-induced cognitive impairment of offspring rats, and inhibits oxidative dam-
age and mitochondrial dysfunction in vitro. Neurochem. Res. 35, 702-711.

Feng, Z., Zou, X., Jia, H., Li, X., Zhu, Z., Liu, X., Bucheli, P., Ballevre, O., Hou, Y.,
Zhang, W., Wang, J., Chen, Y., Liu, J., 2012. Maternal docosahexaenoic acid feed-
ing protects against impairment of learning and memory and oxidative stress in
prenatally stressed rats: possible role of neuronal mitochondria metabolism. An-
tioxid. Redox Signal. 16, 275-289.

Ferguson, K.K., McElrath, T.F., Chen, Y.H., Loch-Caruso, R., Mukherjee, B., Meeker,
J.D., 2015. Repeated measures of urinary oxidative stress biomarkers during preg-
nancy and preterm birth. Am. J. Obstet. Gynecol. 212 (208), e201-e208.

Fine, R., Zhang, J., Stevens, H.E., 2014. Prenatal stress and inhibitory neuron systems:
implications for neuropsychiatric disorders. Mol. Psychiatry 19, 641-651.

Fligny, C., Fromes, Y., Bonnin, P., Darmon, M., Bayard, E., Launay, J.M., Cote, F.,
Mallet, J., Vodjdani, G., 2008. Maternal serotonin influences cardiac function in
adult offspring. FASEB J. 22, 2340-2349.

Foster, J.A., McVey Neufeld, K.A., 2013. Gut-brain axis: how the microbiome influ-
ences anxiety and depression. Trends Neurosci. 36, 305-312.

Franco Mdo, C., Dantas, A.P., Akamine, E.H., Kawamoto, E.M., Fortes, Z.B., Scav-
one, C., Tostes, R.C., Carvalho, M.H., Nigro, D., 2002. Enhanced oxidative stress
as a potential mechanism underlying the programming of hypertension in utero. J.
Cardiovasc. Pharmacol. 40, 501-509.

Giannakoulopoulos, X., Teixeira, J., Fisk, N., Glover, V., 1999. Human fetal and ma-
ternal noradrenaline responses to invasive procedures. Pediatr. Res. 45, 494-499.

Gingrich, J.A., Hen, R., 2001. Dissecting the role of the serotonin system in neuropsy-
chiatric disorders using knockout mice. Psychopharmacology (Berl.) 155, 1-10.

Glover, V., O'Connor, T.G., O'Donnell, K., 2010. Prenatal stress and the programming
of the HPA axis. Neurosci. Biobehav. Rev. 35, 17-22.

Godfrey, K.M., Lillycrop, K.A., Burdge, G.C., Gluckman, P.D., Hanson, M.A., 2007.
Epigenetic mechanisms and the mismatch concept of the developmental origins of
health and disease. Pediatr. Res. 61, SR—10R.

Goeden, N., Velasquez, J.C., Bonnin, A., 2013. Placental tryptophan metabolism as a
potential novel pathway for the developmental origins of mental diseases. Transl.
Dev. Psychiatry 1.

Gu, W., Jones, C.T., 1986. The effect of elevation of maternal plasma catecholamines
on the fetus and placenta of the pregnant sheep. J. Dev. Physiol. 8, 173-186.



Neuroscience and Biobehavioral Reviews xxx (2017) XXX-Xxx 11

Gu, W., Jones, C.T., Parer, J.T., 1985. Metabolic and cardiovascular effects on fetal
sheep of sustained reduction of uterine blood flow. J. Physiol. 368, 109—129.

Gupta, S., Agarwal, A., Banerjee, J., Alvarez, J.G., 2007. The role of oxidative stress
in spontaneous abortion and recurrent pregnancy loss: a systematic review. Obstet.
Gynecol. Surv. 62, 335-347. quiz 353-334.

Harris, A., Seckl, J., 2011. Glucocorticoids, prenatal stress and the programming of
disease. Horm. Behav. 59, 279-289.

Helbig, A., Kaasen, A., Malt, U.F., Haugen, G., 2013. Does antenatal maternal psycho-
logical distress affect placental circulation in the third trimester?. PLoS
One 8, e57071.

Hernandez-Rodriguez, J., Chagoya, G., 1986. Brain serotonin synthesis and
Na+, K+-ATPase activity are increased postnatally after prenatal administration of
L-tryptophan. Brain Res. 390, 221-226.

Hobel, C.J., Dunkel-Schetter, C., Roesch, S.C., Castro, L.C., Arora, C.P., 1999. Mater-
nal plasma corticotropin-releasing hormone associated with stress at 20 weeks'
gestation in pregnancies ending in preterm delivery. Am. J. Obstet. Gy-
necol. 180, S257-263.

Hoffman, B.B., Lavin, T.N., Lefkowitz, R.J., Ruffolo Jr., R.R., 1981. Alpha adrenergic
receptor subtypes in rabbit uterus: mediation of myometrial contraction and regula-
tion by estrogens. J. Pharmacol. Exp. Ther. 219, 290-295.

Holzman, C., Senagore, P., Tian, Y., Bullen, B., Devos, E., Leece, C., Zanella, A.,
Fink, G., Rahbar, M.H., Sapkal, A., 2009. Maternal catecholamine levels in mid-
pregnancy and risk of preterm delivery. Am. J. Epidemiol. 170, 1014-1024.

Hsiao, E.Y., Patterson, P.H., 2011. Activation of the maternal immune system induces
endocrine changes in the placenta via IL-6. Brain Behav. Immun. 25, 604-615.

Huether, G., Thomke, F., Adler, L., 1992. Administration of tryptophan-enriched diets
to pregnant rats retards the development of the serotonergic system in their off-
spring. Brain Res. Dev. Brain Res. 68, 175-181.

Hung, T.H., Lo, L.M., Chiu, T.H., Li, M.J., Yeh, Y.L., Chen, S.F., Hsieh, T.T., 2010.
A longitudinal study of oxidative stress and antioxidant status in women with un-
complicated pregnancies throughout gestation. Reprod. Sci. 17, 401-409.

Irie, M., Asami, S., Nagata, S., Miyata, M., Kasai, H., 2001. Relationships between
perceived workload, stress and oxidative DNA damage. Int. Arch. Occup. Environ.
Health 74, 153-157.

Jagarevi¢, E., Rodgers, A.B., Bale, T.L., 2015. A novel role for maternal stress and mi-
crobial transmission in early life programming and neurodevelopment. Neurobiol.
Stress 1, 81-88.

Jansson, T., Powell, T.L., 2007. Role of the placenta in fetal programming: underlying
mechanisms and potential interventional approaches. Clin. Sci. (Lond.) 113, 1-13.

Jasarevic, E., Howerton, C.L., Howard, C.D., Bale, T.L., 2015. Alterations in the vagi-
nal microbiome by maternal stress are associated with metabolic reprogramming
of the offspring gut and brain. Endocrinology 156, 3265-3276.

Jauniaux, E., Watson, A.L., Hempstock, J., Bao, Y.P., Skepper, J.N., Burton, G.J.,
2000. Onset of maternal arterial blood flow and placental oxidative stress: a possi-
ble factor in human early pregnancy failure. Am. J. Pathol. 157, 2111-2122.

Jensen Pena, C., Monk, C., Champagne, F.A., 2012. Epigenetic effects of prenatal
stress on 1 1beta-hydroxysteroid dehydrogenase-2 in the placenta and fetal brain.
PLoS One 7, €39791.

Jones, C., Robinson, R., 1975. Plasma catecholamines in foetal and adult sheep. J.
Physiol. 248, 15-33.

Joshi, S.R., Mehendale, S.S., Dangat, K.D., Kilari, A.S., Yadav, H.R., Taralekar, V.S.,
2008. High maternal plasma antioxidant concentrations associated with preterm
delivery. Ann. Nutr. Metab. 53, 276-282.

Kapoor, A., Petropoulos, S., Matthews, S.G., 2008. Fetal programming of hypothala-
mic-pituitary-adrenal (HPA) axis function and behavior by synthetic glucocorti-
coids. Brain Res. Rev. 57, 586-595.

Khandaker, G.M., Zimbron, J., Lewis, G., Jones, P.B., 2013. Prenatal maternal infec-
tion, neurodevelopment and adult schizophrenia: a systematic review of popula-
tion-based studies. Psychol. Med. 43, 239-257.

Kinney, H.C., Belliveau, R.A., Trachtenberg, F.L., Rava, L.A., Paterson, D.S., 2007.
The development of the medullary serotonergic system in early human life. Auton.
Neurosci. 132, 81-102.

Kvetnansky, R., Sabban, E.L., Palkovits, M., 2009. Catecholaminergic systems in
stress: structural and molecular genetic approaches. Physiol. Rev. 89, 535-606.

Ladner, C., Brinkman 3rd., C.R., Weston, P., Assali, N.S., 1970. Dynamics of uterine
circulation in pregnant and nonpregnant sheep. Am. J. Physiol. 218, 257-263.

LeMay, L.G., Vander, A.J., Kluger, M.J., 1990. The effects of psychological stress on
plasma interleukin-6 activity in rats. Physiol. Behav. 47, 957-961.

Lesgards, J.F., Durand, P., Lassarre, M., Stocker, P., Lesgards, G., Lanteaume, A.,
Prost, M., Lehucher-Michel, M.P., 2002. Assessment of lifestyle effects on the
overall antioxidant capacity of healthy subjects. Environ. Health Per-
spect. 110, 479-486.

Levine, T.A., Alderdice, F.A., Grunau, R.E., McAuliffe, F.M., 2016. Prenatal stress
and hemodynamics in pregnancy: a systematic review. Arch. Womens Ment.
Health

Liggins, G.C., 1994. The role of cortisol in preparing the fetus for birth. Reprod. Fertil.
Dev. 6, 141-150.

Lim, R.H., Kobzik, L., 2009. Transplacental passage of interleukins 4 and 13?. PLoS
One 4, e4660.

Little, R.E., Gladen, B.C., 1999. Levels of lipid peroxides in uncomplicated pregnancy:
a review of the literature. Reprod. Toxicol. 13, 347-352.

Liu, R., Buettner, G.R., Oberley, L.W., 2000. Oxygen free radicals mediate the induc-
tion of manganese superoxide dismutase gene expression by TNF-alpha. Free
Radic. Biol. Med. 28, 1197-1205.

Liu, G., Dong, Y., Wang, Z., Cao, J., Chen, Y., 2014. Restraint stress alters immune
parameters and induces oxidative stress in the mouse uterus during embryo im-
plantation. Stress 17, 494-503.

Macko, A.R., Yates, D.T., Chen, X., Shelton, L.A., Kelly, A.C., Davis, M.A., Cama-
cho, L.E., Anderson, M.J., Limesand, S.W., 2016. Adrenal demedullation and oxy-
gen supplementation independently increase glucose-stimulated insulin concentra-
tions in fetal sheep with intrauterine growth restriction. Endocrinol-
ogy 157,2104-2115.

Magness, R.R., Rosenfeld, C.R., 1986. Systemic and uterine responses to alpha-adren-
ergic stimulation in pregnant and nonpregnant ewes. Am. J. Obstet. Gy-
necol. 155, 897-904.

Magyar, D., Fridshal, D., Elsner, C., Glatz, T., Eliot, J., Klein, A., Lowe, K., Buster, J.,
Nathanielsz, P., 1980. Time-trend analysis of plasma cortisol concentrations in the
fetal sheep in relation to parturition. Endocrinology 107, 155-159.

Makhseed, M., Raghupathy, R., Azizieh, F., Farhat, R., Hassan, N., Bandar, A., 2000.
Circulating cytokines and CD30 in normal human pregnancy and recurrent sponta-
neous abortions. Hum. Reprod. 15, 2011-2017.

Malyszko, J., Urano, T., Takada, Y., Takada, A., 1994. Time-dependent changes in
platelet aggregation, fibrinolytic activity, and peripheral serotonergic measures in
rats subjected to water immersion restraint stress. Haemostasis 24, 236-242.

Mandal, M., Donnelly, R., Elkabes, S., Zhang, P., Davini, D., David, B.T., Ponzio,
N.M., 2013. Maternal immune stimulation during pregnancy shapes the immuno-
logical phenotype of offspring. Brain Behav. Immun. 33, 33-45.

Marzi, M., Vigano, A., Trabattoni, D., Villa, M.L., Salvaggio, A., Clerici, E., Clerici,
M., 1996. Characterization of type 1 and type 2 cytokine production profile in
physiologic and pathologic human pregnancy. Clin. Exp. Immunol. 106, 127-133.

Mayer, E.A., 2011. Gut feelings: the emerging biology of gut-brain communication.
Nat. Rev. Neurosci. 12, 453-466.

McCarty, R., 1994. Regulation of plasma catecholamine responses to stress. Seminars
in Neuroscience. Elsevier, 197-204.

Meaney, M.J., Sapolsky, R.M., McEwen, B.S., 1985. The development of the gluco-
corticoid receptor system in the rat limbic brain: i. Ontogeny and autoregulation.
Brain Res. 350, 159-164.

Meyer, U., Nyffeler, M., Schwendener, S., Knuesel, 1., Yee, B.K., Feldon, J., 2008.
Relative prenatal and postnatal maternal contributions to schizophrenia-related
neurochemical dysfunction after in utero immune challenge. Neuropsychopharma-
cology 33, 441-456.

Moisiadis, V.G., Matthews, S.G., 2014. Glucocorticoids and fetal programming part 1:
Outcomes. Nat. Rev. Endocrinol. 10, 391-402.

Moisiadis, V.G., Matthews, S.G., 2014. Glucocorticoids and fetal programming part 2:
Mechanisms. Nat. Rev. Endocrinol. 10, 403-411.

Moller, P., Wallin, H., Knudsen, L.E., 1996. Oxidative stress associated with exercise,
psychological stress and life-style factors. Chem. Biol. Interact. 102, 17-36.

Monaghan, P., Metcalfe, N.B., Torres, R., 2009. Oxidative stress as a mediator of life
history trade-offs: mechanisms, measurements and interpretation. Ecol.

Lett. 12, 75-92.

Monk, C., Newport, D.J., Korotkin, J.H., Long, Q., Knight, B., Stowe, Z.N., 2012.
Uterine blood flow in a psychiatric population: impact of maternal depression,
anxiety, and psychotropic medication. Biol. Psychiatry 72, 483-490.

Monk, C., Feng, T., Lee, S., Krupska, I., Champagne, F.A., Tycko, B., 2016. Distress
during pregnancy: epigenetic regulation of placenta glucocorticoid-related genes
and fetal neurobehavior. Am. J. Psychiatry 173, 705-713.

Morgan, C.D., Sandler, M., Panigel, M., 1972. Placental transfer of catecholamines in
vitro and in vivo. Am. J. Obstet. Gynecol. 112, 1068-1075.

Murphy, V.E., Clifton, V.L., 2003. Alterations in human placental 11beta-hydroxys-
teroid dehydrogenase type 1 and 2 with gestational age and labour. Pla-
centa 24, 739-744.

Musumeci, G., Loreto, C., Trovato, F.M., Giunta, S., Imbesi, R., Castrogiovanni, P.,
2014. Serotonin (SHT) expression in rat pups treated with high-tryptophan diet
during fetal and early postnatal development. Acta Histochem. 116, 335-343.

Myers, R.E., 1975. Maternal psychological stress and fetal asphyxia: a study in the
monkey. Am. J. Obstet. Gynecol. 122, 47-59.

Myers, R.E., 1977. Production of fetal asphyxia by maternal psychological stress.
Pavlovian J. Biol. Sci. 12, 51-62.

Nansel, T.R., Riggs, M.A., Yu, K.F., Andrews, W.W., Schwebke, J.R., Klebanoff,
M.A., 2006. The association of psychosocial stress and bacterial vaginosis in a lon-
gitudinal cohort. Am. J. Obstet. Gynecol. 194, 381-386.



12 Neuroscience and Biobehavioral Reviews xxx (2017) XxXX-Xxx

Naughton, M., Mulrooney, J.B., Leonard, B.E., 2000. A review of the role of serotonin
receptors in psychiatric disorders. Hum. Psychopharmacol. 15, 397-415.

Niu, Y., DesMarais, T.L., Tong, Z., Yao, Y., Costa, M., 2015. Oxidative stress alters
global histone modification and DNA methylation. Free Radic. Biol.

Med. 82, 22-28.

O’Don-

nell

etal.,

2012 K.J. O’Donnell, A.B. Jensen, L. Freeman, N. Khalife, T.G. O’Connor, V.
Glover, Maternal prenatal anxiety and downregulation of placental 113-HSD2,
Psychoneuroendocrinology 37 (2012) 818-826.

O'Mahony, S.M., Clarke, G., Borre, Y.E., Dinan, T.G., Cryan, J.F., 2015. Serotonin,

tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain
Res. 277, 32-48.

O'Mahony, S.M., Clarke, G., Dinan, T.G., Cryan, J.F., 2017. Early-life adversity and
brain development: is the microbiome a missing piece of the puzzle?. Neuro-
science 342, 37-54.

O'Shea, J.J., Ma, A., Lipsky, P., 2002. Cytokines and autoimmunity. Nat. Rev. Im-
munol. 2, 37-45.

Owen, D., Matthews, S.G., 2003. Glucocorticoids and sex-dependent development of
brain glucocorticoid and mineralocorticoid receptors. Endocrinol-
ogy 144, 2775-2784.

Peters, D.A., 1990. Maternal stress increases fetal brain and neonatal cerebral cortex
5-hydroxytryptamine synthesis in rats: a possible mechanism by which stress influ-
ences brain development. Pharmacol. Biochem. Behav. 35, 943-947.

Petra, A 1L, Panagiotidou, S., Hatziagelaki, E., Stewart, J.M., Conti, P., Theoharides,
T.C., 2015. Gut-microbiota-brain axis and its effect on neuropsychiatric disorders
with suspected immune dysregulation. Clin. Ther. 37, 984-995.

Potdar, N., Singh, R., Mistry, V., Evans, M.D., Farmer, P.B., Konje, J.C., Cooke, M.S.,
2009. First-trimester increase in oxidative stress and risk of small-for-gesta-
tional-age fetus. BJOG 116, 637-642.

Rakers, F., Bischoff, S., Schiffner, R., Haase, M., Rupprecht, S., Kiehntopf, M.,
Kuhn-Velten, W.N., Schubert, H., Witte, O.W., Nijland, M.J., Nathanielsz, P.W.,
Schwab, M., 2015. Role of catecholamines in maternal-fetal stress transfer in
sheep. Am. J. Obstet. Gynecol. 213 (68), e681-689.

Ratnayake, U., Quinn, T., Walker, D.W., Dickinson, H., 2013. Cytokines and the neu-
rodevelopmental basis of mental illness. Front. Neurosci. 7, 180.

Reczek, C.R., Chandel, N.S., 2015. ROS-dependent signal transduction. Curr. Opin.
Cell Biol. 33, 8-13.

Reisenberger, K., Egarter, C., Vogl, S., Sternberger, B., Kiss, H., Husslein, P., 1996.
The transfer of interleukin-8 across the human placenta perfused in vitro. Obstet.
Gynecol. 87, 613-616.

Resch, B.E., Ducza, E., Gaspar, R., Falkay, G., 2003. Role of adrenergic receptor sub-
types in the control of human placental blood vessels. Mol. Reprod.

Dev. 66, 166-171.

Reth, M., 2002. Hydrogen peroxide as second messenger in lymphocyte activation.
Nat. Immunol. 3, 1129-1134.

Saarikoski, S., 1973. Fate of noradrenaline in the human foetoplacental unit. Acta
Physiol. (Supplementum 421), 1-82.

Saker, M., Mokhtari, N.S., Merzouk, S.A., Merzouk, H., Belarbi, B., Narce, M., 2008.
Oxidant and antioxidant status in mothers and their newborns according to birth-
weight. Eur. J. Obstet. Gynecol. Reproductive Biol. 141, 95-99.

Samuelsson, A.M., Ohrn, 1., Dahlgren, J., Eriksson, E., Angelin, B., Folkow, B., Hol-
mang, A., 2004. Prenatal exposure to interleukin-6 results in hypertension and in-
creased hypothalamic-pituitary-adrenal axis activity in adult rats. Endocrinol-
ogy 145, 4897-4911.

Samuelsson, A.M., Jennische, E., Hansson, H.A., Holmang, A., 2006. Prenatal expo-
sure to interleukin-6 results in inflammatory neurodegeneration in hippocampus
with NMDA/GABA(A) dysregulation and impaired spatial learning. Am. J. Phys-
iol. Regul. Integr. Comp. Physiol. 290, R1345-1356.

Sanchez-Aranguren, L.C., Prada, C.E., Riano-Medina, C.E., Lopez, M., 2014. En-
dothelial dysfunction and preeclampsia: role of oxidative stress. Front. Phys-
iol. 5,372.

Sandman, C.A., Wadhwa, P., Glynn, L., Chicz-Demet, A., Porto, M., Garite, T.J.,
1999. Corticotrophin-releasing hormone and fetal responses in human pregnancy.
Ann. N. Y. Acad. Sci. 897, 66-75.

Sand-

man

etal.,

2006 C.A. Sandman, L. Glynn, C.D. Schetter, P. Wadhwa, T. Garite, A.
Chicz-DeMet, C. Hobel, Elevated maternal cortisol early in pregnancy predicts
third trimester levels of placental corticotropin releasing hormone (CRH):
priming the placental clock, Peptides 27 (2006) 1457-1463.

Shadel, G.S., Horvath, T.L., 2015. Mitochondrial ROS signaling in organismal home-

ostasis. Cell 163, 560-569.

Sherman, M.P., Zaghouani, H., Niklas, V., 2015. Gut microbiota, the immune system,
and diet influence the neonatal gut-brain axis. Pediatr. Res. 77, 127-135.

Shnider, S.M., Wright, R.G., Levinson, G., Roizen, M.F., Wallis, K.L., Rolbin, S.H.,
Craft, J.B., 1979. Uterine blood flow and plasma norepinephrine changes during
maternal stress in the pregnant ewe. Anesthesiology 50, 524-527.

Silverman, M.N., Sternberg, E.M., 2012. Glucocorticoid regulation of inflammation
and its functional correlates: from HPA axis to glucocorticoid receptor dysfunc-
tion. Ann. N. Y. Acad. Sci. 1261, 55-63.

Simanek, A.M., Meier, H.C., 2015. Association between prenatal exposure to maternal
infection and offspring mood disorders: a review of the literature. Curr. Probl. Pe-
diatr. Adolesc. Health Care 45, 325-364.

Simon, M.C., Keith, B., 2008. The role of oxygen availability in embryonic develop-
ment and stem cell function. Nat. Rev. Mol. Cell Biol. 9, 285-296.

Sivonova, M., Zitnanova, 1., Hlincikova, L., Skodacek, I., Trebaticka, J., Durackova,
Z.,2004. Oxidative stress in university students during examinations.

Stress 7, 183—188.

Slotkin, T.A., Seidler, F.J., Wood, C.R., Lau, C., 2008. Development of glucocorticoid
receptor regulation in the rat forebrain: implications for adverse effects of gluco-
corticoids in preterm infants. Brain Res. Bull. 76, 531-535.

Smith, S.E., Li, J., Garbett, K., Mirnics, K., Patterson, P.H., 2007. Maternal immune
activation alters fetal brain development through interleukin-6. J. Neu-
rosci. 27, 10695-10702.

Sodha, R.J., Proegler, M., Schneider, H., 1984. Transfer and metabolism of norepi-
nephrine studied from maternal-to-fetal and fetal-to-maternal sides in the in vitro
perfused human placental lobe. Am. J. Obstet. Gynecol. 148, 474—481.

Sommer, F., Backhed, F., 2013. The gut microbiota—masters of host development and
physiology. Nat. Rev. Microbiol. 11, 227-238.

Spiers, J.G., Chen, H.J., Bradley, A.J., Anderson, S.T., Sernia, C., Lavidis, N.A., 2013.
Acute restraint stress induces rapid and prolonged changes in erythrocyte and hip-
pocampal redox status. Psychoneuroendocrinology 38, 2511-2519.

Spiers, J.G., Chen, H.J., Cuffe, J.S., Sernia, C., Lavidis, N.A., 2016. Acute restraint
stress induces rapid changes in central redox status and protective antioxidant
genes in rats. Psychoneuroendocrinology 67, 104—112.

St-Pierre, J., Laurent, L., King, S., Vaillancourt, C., 2015. Effects of Prenatal Maternal
Stress on Serotonin and Fetal Development. Placenta.

Stein, H., Oyama, K., Martinez, A., Chappell, B., Padbury, J., 1993. Plasma epineph-
rine appearance and clearance rates in fetal and newborn sheep. Am. J. Phys-
iol. 265, R756-760.

Steptoe, A., Hamer, M., Chida, Y., 2007. The effects of acute psychological stress on
circulating inflammatory factors in humans: a review and meta-analysis. Brain Be-
hav. Immun. 21, 901-912.

Straley, M.E., Van Oeffelen, W., Theze, S., Sullivan, A.M., O'Mahony, S.M., Cryan,
J.F., O'Keeffe, G.W., 2016. Distinct alterations in motor & reward seeking behav-
ior are dependent on the gestational age of exposure to LPS-induced maternal im-
mune activation. Brain Behav. Immun.

Sun, Y., Vestergaard, M., Christensen, J., Nahmias, A.J., Olsen, J., 2008. Prenatal ex-
posure to maternal infections and epilepsy in childhood: a population-based cohort
study. Pediatrics 121, e1100-1107.

Szumiel, L., 2015. Tonizing radiation-induced oxidative stress, epigenetic changes and
genomic instability: the pivotal role of mitochondria. Int. J. Radiat. Biol. 91, 1-12.

Takada, A., Urano, T., Yoshida, M., Takada, Y., 1996. Comparison of changes in sero-
tonergic measures in whole blood or plasma and brain in rats given nicotine and/or
stresses. Pol. J. Pharmacol. 48, 173-177.

Teixeira, J., Fisk, M.A., Glover, N.M., 1999. Association between maternal anxiety in
pregnancy and increased uterine artery resistance index: cohort based study.

BMIJ 318, 153.

Thakor, A.S., Herrera, E.A., Seron-Ferre, M., Giussani, D.A., 2010. Melatonin and vit-
amin C increase umbilical blood flow via nitric oxide-dependent mechanisms. J.
Pineal Res. 49, 399-406.

Thompson, L.P., Al-Hasan, Y., 2012. Impact of oxidative stress in fetal programming.
J Pregnancy 2012, 582748.

Tremaroli, V., Backhed, F., 2012. Functional interactions between the gut microbiota
and host metabolism. Nature 489, 242-249.

Trend, S.G., Bruce, N.W., 1989. Resistance of the rat embryo to elevated maternal epi-
nephrine concentrations. Am. J. Obstet. Gynecol. 160, 498-501.

Turpin, C.A., Sakyi, S.A., Owiredu, W.K., Ephraim, R.K., Anto, E.O., 2015. Associa-
tion between adverse pregnancy outcome and imbalance in angiogenic regulators
and oxidative stress biomarkers in gestational hypertension and preeclampsia.
BMC Pregnancy Childbirth 15, 189.

Ulrich-Lai, Y.M., Herman, J.P., 2009. Neural regulation of endocrine and autonomic
stress responses. Nat. Rev. Neurosci. 10, 397-409.

Van den Bergh, B.R., Marcoen, A., 2004. High antenatal maternal anxiety is related to
ADHD symptoms, externalizing problems, and anxiety in 8- and 9-year-olds.
Child Dev. 75, 1085-1097.

Van den Bergh, B.R., Mulder, E.J., Mennes, M., Glover, V., 2005. Antenatal maternal
anxiety and stress and the neurobehavioural development of the fetus and child:
links and possible mechanisms. A review. Neurosci. Biobehav. Rev. 29, 237-258.

Wang, L., Muxin, G., Nishida, H., Shirakawa, C., Sato, S., Konishi, T., 2007. Psycho-
logical stress-induced oxidative stress as a model of sub-healthy condition and the
effect of TCM. Evid. Based Complement. Alternat. Med. 4, 195-202.

Weaver, J.R., Holman, T.R., Imai, Y., Jadhav, A., Kenyon, V., Maloney, D.J., Nadler,
J.L., Rai, G., Simeonov, A., Taylor-Fishwick, D.A., 2012. Integration



Neuroscience and Biobehavioral Reviews xxx (2017) XXX-Xxx 13

of pro-inflammatory cytokines, 12-lipoxygenase and NOX-1 in pancreatic islet
beta cell dysfunction. Mol. Cell. Endocrinol. 358, 88-95.

Weber, D., Stuetz, W., Bernhard, W., Franz, A., Raith, M., Grune, T., Breusing, N.,
2014. Oxidative stress markers and micronutrients in maternal and cord blood in
relation to neonatal outcome. Eur. J. Clin. Nutr. 68, 215-222.

Weetman, A.P., 2010. Immunity, thyroid function and pregnancy: molecular mecha-
nisms. Nat. Rev. Endocrinol. 6, 311-318.

Weil-Fugazza, J., Godefroy, F., 2014. Effect of Acute Stress on Norepinephrine and
S-Hydroxytryptamin in Rats, Catecholamines and Stress: Proceedings of the Inter-
national Symposium on Catecholamines and Stress, Held in Bratislava, Czechoslo-
vakia, July 27-30, 1975. Elsevier. p. 469.

Weinstock, M., 2008. The long-term behavioural consequences of prenatal stress. Neu-
rosci. Biobehav. Rev. 32, 1073-1086.

Wong, D.L., Tai, T.C., Wong-Faull, D.C., Claycomb, R., Meloni, E.G., Myers, K.M.,
Carlezon Jr., W.A., Kvetnansky, R., 2012. Epinephrine: a short- and long-term
regulator of stress and development of illness: a potential new role for epinephrine
in stress. Cell. Mol. Neurobiol. 32, 737-748.

Wu, F., Tian, F.J., Lin, Y., Xu, W.M., 2015. Oxidative stress: placenta function and
dysfunction. Am. J. Reprod. Immunol.

Yang, X., Guo, L., Li, H., Chen, X., Tong, X., 2012. Analysis of the original causes of
placental oxidative stress in normal pregnancy and pre-eclampsia: a hypothesis. J.
Matern. Fetal Neonatal Med. 25, 884—888.

Zaretsky, M.V., Alexander, J.M., Byrd, W., Bawdon, R.E., 2004. Transfer of inflam-
matory cytokines across the placenta. Obstet. Gynecol. 103, 546-550.

Zerbo, O., Qian, Y., Yoshida, C., Grether, J.K., Van de Water, J., Croen, L.A., 2015.
Maternal infection during pregnancy and autism spectrum disorders. J. Autism
Dev. Disord. 45, 4015-4025.

Zheng, A., Li, H., Cao, K., Xu, J., Zou, X., Li, Y., Chen, C., Liu, J., Feng, Z., 2015.
Maternal hydroxytyrosol administration improves neurogenesis and cognitive
function in prenatally stressed offspring. J. Nutr. Biochem. 26, 190-199.

Zhu, C., Yang, H., Geng, Q., Ma, Q., Long, Y., Zhou, C., Chen, M., 2015. Association
of oxidative stress biomarkers with gestational diabetes mellitus in pregnant
women: a case-control study. PLoS One 10, ¢0126490.

Zijlmans, M.A., Korpela, K., Riksen-Walraven, J.M., de Vos, W.M., de Weerth, C.,
2015. Maternal prenatal stress is associated with the infant intestinal microbiota.
Psychoneuroendocrinology 53, 233-245.


https://www.researchgate.net/publication/314087365

	
	


