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1 Introduction

Early life adversity such as stress or undernutrition
during development can have a profound impact
on behavior, physiology and metabolism. This ad-
verse influence early in life can lead to increased
susceptibility to disease in adult life. The devel-
opmental origins of adult disease hypothesis (also
known as Barker hypothesis) was first posited by
Barker and his colleagues who made the observa-
tion that low birth weight serves as an indication
for adult health. Low birth weight increases the risk
of coronary heart disease, hypertension, type 2 di-
abetes mellitus and hyperlipidaemia[1] The Barker
hypothesis is supported by findings from European
birth registries during famines. These large reg-
istries recorded birth details and made it possible
to identify the outcome in subjects later in life.

The Dutch famine of 1944-1945, caused by an
embargo on food transport and an unusually harsh
winter, lead to severe malnutrition, including preg-
nant woman, during this period. It was found that
undernutrition during gestation affected health
later in life. Differences in effects of undernutrition
on adult health was dependent on the timing dur-
ing gestation. Adults whose mothers were subjected
to undernutrition during early gestation displayed
an atherogenic lipid profile and a higher BMI[2],[3].

Those who were subjected to undernutrition dur-
ing mid or late gestation showed a reduced glucose
tolerance[4]. Furthermore it was found that under-
nutrition may affect adult health without affecting
the size at birth, indicating that adaptations that
enable the fetus survival may have adverse conse-
quences later in life[5].

The siege of Leningrad in 1944 lead to a famine
spanning 800 days. In contrast to the Dutch famine
the subjects of the Leningrad famine did not dis-
play insulin resistance, dyslipidemia, hypertension,
or coronary artery disease6. The Russian sub-
jects showed a thrifty phenotype[6] that was well
adapted to extra uterine life. The Dutch however
displayed catch-up growth; what guaranteed sur-
vival during pregnancy, but lead to problems in
adult life when the conditions did not match the
intrauterine environment.

It is also becoming increasingly clear that stress
experienced by the mother during gestation can
have many long term effects on the neurode-
velopment of the offspring both in animals and
humans[7, 8, 9, 10]. Using cross fostering in ani-
mal models have shown that there is a permanent
prenatal component to the effects on neurodevelop-
ment of offspring. These effects are not solely due
to postnatal effects[11].

The hypothalamic-pituary-adrenal-axis (HPA-
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axis) is essential for regulating the stress response.
Research done on mammals and birds has shown
that prenatal stress (PS) can modulate HPA-axis
responsivity[12]. The modulation of HPA-axis re-
activity is believed to be an adaptive response nec-
essary to maximize fitness[13]. It is therefore plau-
sible that PS can cause a mismatch between the
intrauterine environment and the amount of stress
later in life which could lead to psychopathology[14,
15].

Furthermore PS has been observed to affect sev-
eral brain regions that include the hippocampus,
amygdala, corpus callosum, neocortex, cerebellum,
and hypothalamus[16].

The relationship between intrauterine conditions
and the effects later in life have been termed fe-
tal programming, a concept that falls within the
broader concept of developmental plasticity. Devel-
opmental plasticity is the process that generates al-
ternative phenotypes in a single genotype exposed
to different environmental cues[17]. In this manner
fetal programming allows an organism to prepare
for the expected environment. If the expected en-
vironment does not match the actual environment
a mismatch may occur such as in the case of the
Dutch famine. How this concept of fetal program-
ming and a mismatch relate to prenatal stress and
the development of psychopathologies later in life
is largely unknown. In principle fetal programming
is regarded as an adaptive response [10, 13]. Stress
signals in the form of maternal hormones provide
useful information about the external world. So in
this context it is a predictive and adaptive response.
In this paper I will discuss the mechanisms of devel-
opmental plasticity, including fetal programming,
epigenetics and the modulation of the HPA-axis.
Furthermore I will attempt to elucidate the evo-
lutionary advantages of prenatal stress, mismatch
in current society, sex differences and the role of
transgenerational epigenetic effects.

2 Mechanisms of Fetal Pro-
gramming

2.1 Fetal programming

Most organisms can express a variety of structure,
physiology and behavior within individuals of the
same species regardless of genotype. Phenotypic

plasticity is the ability of an organism to react to an
environmental input with a change in form, state,
movement, or rate of activity[17]. Developmental
plasticity however is not just the responsiveness
of the phenotype of a single genotype to the en-
vironment. Individual development starts with an
inherited bridging phenotype, a responsive and or-
ganized cell provided by the parents that is adapted
for survival and interaction in the embryonic envi-
ronment. The genotype of the offspring and subse-
quent embryonic/fetal environment then act on the
bridging phenotype[17]. Thus developmental plas-
ticity starts before birth and is subject to maternal
signals.

Signals from the mother during pregnancy carry
useful information about the outside world to the
developing fetus. This information can be used
to express a phenotype that matches the outside
world, a process called fetal programming, and a
form of adaptive developmental plasticity[17, 18].
This form of developmental plasticity can be con-
sidered a predictive adaptive response (PARs) as
the advantage of the induced phenotype is mani-
fested in a later phase of life[19]. The information
received from the mother thus acts as a predictor
of the environment after birth. How advantageous
the adaptation is depends on how well the predic-
tion matches reality (see Figure 2.1). If there is a
mismatch later-life pathology may occur. There are
many mechanism underlying phenotypic plasticity
but often epigenetic changes in DNA expression[20]
are involved.

2.2 Epigenetic Mechanisms

Literally meaning on top of genetics, epigenetics
are the causal interactions between genes and their
products that lead to the phenotype[22]. Over the
years the definition has narrowed a bit. Today epi-
genetics has been defined and is most commonly
used as: the study of changes in gene function that
are mitotically and/or meiotically heritable and
that do not entail a change in DNA sequence[23].
This section will encompass the molecular epige-
netic mechanisms involved in fetal programming.
DNA methylation, histone modification, chromatin
structure modification, Non-coding RNA and RNA
interference (RNAi) all possibly play a role in fetal
programming, however, I will limit myself to DNA
methylation and histone modification.

2



Figure 2.1: Environmental cues act as predic-
tors, determining the path of developmental
plasticity to match. If the subsequent environ-
ment doesn’t change then the organism is well
adapted. If the environment does change a mis-
match of phenotype and environment occurs.
Represented in the diagram by matching shapes
and colors (redrawn from [21])

2.2.1 DNA Methylation

DNA methylation is the process of a covalent ad-
dition of a methyl group to either the carbon-5
of the cytosine ring (5mC) or the nitrogen-6 po-
sition of adenine (m6A)[24]. Methylation of cyto-
sine in mammals occurs on cytosine that is 5 adja-
cent to guanine. These so called GpC islands can
contain up to hundreds of base pairs. GpC islands
are present in roughly 60 percent of promotor re-
gions in humans. This covalent addition is cat-
alyzed by DNA methyltransferases (DNMT). Cy-
tosine methylation is generally associated with a
decreased expression of relevant genes[25].

After fertilization the paternal and maternal
epigenome is contained in the zygote. The pater-
nal epigenome then undergoes rapid demethylation
whereas the maternal epigenome undergoes grad-
ual demethylation. After the methylation pattern is
erased, de novo methylation occurs. New methyla-
tion patterns are established in the growing embryo
via DNMT3a and DNMT3b, DNMT1 is responsi-
ble for maintaining methylation patterns. During
development its then possible for changes in methy-
lation pattern to occur due to environmental influ-
ence passed on through the mother[26].

In controlled animal experiments effects of pre-
natal stress (PS) on DNA methylation have been
shown. Pregnant rats exposed to 1h/day of ran-

domly timed restraint stress from gestational day
14-20 showed an increase in DNMT1 expression in
the fetal cortex and hypothalamus. In the placenta
an increase in DNMT3a expression was found. sug-
gesting that PS has an influence on DNA methy-
lation patterns[27]. In the placenta a decreased
HSD11B2 transcription was found following PS ex-
posure. HSD11B2 is responsible for the conversion
of cortisol to the inactive cortisone, in this manner
more cortisol is able to pass through the placenta
to the developing fetus[27]. Another study done
on rats used indirect prenatal stress. The indirect
stress was administered by exposing cage mates of
pregnant dams to bright light for 30 minutes twice
a day. The researchers found an increase in global
DNA methylation in the frontal cortex and the hip-
pocampus, further indicating that the epigenome is
adjusted by PS. Furthermore global DNA methy-
lation in the frontal cortex was higher in females
exposed to PS compared to males, suggesting a
sex modulating effect of PS on the epigenome.
When looking at the gene expression profile 558
genes in the frontal cortex and hippocampus were
found to be expressed differently in the indirectly
stressed grouped from the control group. Of those
558 genes there was an overlap of only 10 genes
between male and female rats, indicating a sex ef-
fect on the effect of prenatal stress in brain gene
regulation. Interestingly NR3C1 in the hippocam-
pus and SLC6A1 in the frontal cortex were found
to be differentially expressed in both sexes. NRC1
codes for the glucocorticoid receptor and plays an
important role in the hippocampus by modulating
HPA-reactivity. SLC6A1 codes for GABA trans-
ferase and in the prefrontal cortex a down regu-
lation of SLC6A1 could lead to alterations of at-
tention in offspring[28].

In humans the effect of PS on DNA methylation
has also been demonstrated. Devlin and colleagues
found that increased maternal depressed mood was
associated with a lower SLC6A4 promotor methy-
lation status in maternal peripheral leukocytes and
in umbilical cord leukocytes[29]. The SLC6A4 re-
gion codes for the serotonin (5-ht) transporter (5-
htt, SERT) which is responsible for transporting
serotonin from the synaptic cleft back in to the
presynaptic neuron. In this manner this may lead
to lower intrasynaptic 5-ht levels. 5-HT has an im-
portant role during fetal development[30] and al-
terations in 5-HT levels during development alters
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affective behavior in adult life in mice[31]. Further-
more prenatal stress in the form of maternal depres-
sion, war stress and partner violence had an effect
on the methylation status of the NR3C1 promotor
region[32, 33, 34].

2.2.2 Histone modification

DNA is wrapped around nucleosomes, protein
structures consisting of histones. This nucleosome
consist of two copies of four different histone pro-
teins (H2A, H2B, H3 and H4), in total eight hi-
stones. Histones contribute to higher-order chro-
matin structure and is essential for fitting the large
genomes of eukaryotes inside of cells. Furthermore
histones play an important role in gene regulation.
Chemical modifications such as methylation, acety-
lation and phosphorylation of amino acid residues
on histone tails contribute to formation of either
active or inactive chromatin structures[25]. Acety-
lation of histone tails reduces compactness of the
chromatin structure and thus activation of the
gene[25]. Methylation can have either a repressive
or activating influence on transcription.

The role of histone modification during develop-
ment and the effect of PS on the fetus has not
been described in much detail yet with the ma-
jority of studies being done with regard to DNA
methylation[35]. However, the enzymes that main-
tain and initiate histone modification may be al-
tered by a developmental insult and in that manner
play a role in fetal programming[36].

2.2.3 HPA-axis Modulation

The HPA-axis regulates corticosteroid synthesis
and secretion during basal and stress conditions
and plays an important role in regulating the stress
response (see Figure 2.2). In the paraventricular nu-
cleus (PVN) neurons secrete corticotrophin releas-
ing hormone (CRH) and vasopressin (AVP). The
releasing hormones then act on the pituitary to pro-
mote POMC which is the precursor of adrenocor-
ticotropic hormone (ACTH) which is then in turn
secreted. ACTH acts on the adrenal cortex where
glucocorticoids are synthesized and released. Glu-
cocorticoid receptors (GRs) and mineralocorticoid
receptors (MRs) regulate HPA activity via negative
feedback. A decrease of MR and GR in the HPA-
axis attenuates the negative feedback and results

in increased HPA-activity. Conversely an increase
of these receptors leads to a reduction of HPA ac-
tivity and higher feedback sensitivity[37].

Figure 2.2: Schematic simplified overview of
HPA-axis functioning. In the paraventricular nu-
cleus (PVN) neurons secrete corticotrophin releasing
hormone (CRH) and vasopressin (AVP). The releasing
hormones then act on the pituitary to promote POMC
which is the precursor of adrenocorticotropic hormone
(ACTH) which is then in turn secreted. ACTH acts on
the adrenal cortex where glucocorticoids are synthesized
and released[38]. Glucocorticoid receptors (GRs) and
mineralocorticoid receptors (MRs) regulate HPA activ-
ity via negative feedback. A decrease of MR and GR
in the HPA-axis attenuates the negative feedback and
results in increased HPA-activity.

The ability of the HPA-axis responsiveness to be
modulated by the environment was first demon-
strated in the 1950s. Neonatal exposure to stress
was found to be able to modify adult HPA re-
sponsiveness in rats[39]. Since then substantial ev-
idence supporting long term effects on HPA re-
sponsiveness following early life stress and prenatal
stress[10, 40, 41] have been established.

Exposure to PS during fetal development has
long-term effects on HPA functioning and respon-
siveness. In rats PS generally leads to an extended
peak or duration of the HPA response. However
there appear to be many variations possible to
this pattern[7]. Differences in findings could arise
from the nature and timing of PS. Furthermore
there are very significant sex differences in out-
come of HPA responsivity following PS[10]. Rhe-
sus macaques that underwent PS showed consider-
ably higher cortisol values and higher ACTH val-
ues in both basal and stressed conditions than
controls[42]. In humans prenatal stress has been
associated with an increase in basal cortisol levels.
This effect is greatest if the stress was experienced
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during late gestation[43, 44, 45, 46]. Furthermore
using the still-face procedure, an interactive social
stressor, Grant and colleagues found an increase in
the cortisol response 40 minutes post procedure[47].
Entringer and colleagues found that in prenatally
stressed young adults that were subjects to trier
social stress test showed an increase in ACTH and
cortisol response in comparison with controls[48].
Taken together these results suggest a more active
HPA-axis in humans who experienced PS[12].

The mechanisms in which maternal signals pro-
gram the HPA-axis remain largely unknown. How-
ever epigenetic mechanism and glucocorticoids are
likely to be involved. There are several key regu-
latory genes of the HPA-axis that are subject to
DNA methylation and histone acetylation, namely:
NRC1, CRH, POMC and HSD11B2. NR3C1 that
codes for the GR as discussed previously sees an
increase in methylation following prenatal stress
in humans that experienced PS which leads to
an increased stress response due to reduced neg-
ative feedback on the GR[34]. The promotor re-
gion of CRH undergoes hypomethylation in male
offspring of rats exposed to chronic random stres-
sors during early gestation[49]. HSD11B2 expres-
sion is correlated with absence of methylation at
its promotor region, evidence for epigenetic reg-
ulation of this gene[50]. Elevated maternal stress
leads to reduced placental HSD11B2 expression
and an increase of methylation at its promotor[27].
HSD11B2 modulates glucocorticoid levels in the fe-
tus. This leads to an increase of fetal glucocorticoid
levels and can have an influence on the develop-
ing HPA-system and other brain regions[27]. The
promotor region of proopiomelanocortin (POMC)
also shows GcP islands and its expression has been
linked to methylation status of this region[51], sug-
gesting that PS could potentially affect POMC
expression. Furthermore fetal baboons exposed to
betamethasone (synthetic glucocorticoid) showed
reduced POMC mRNA in the anterior pituitary
and reduced ACTH receptor (MC2R) expression
in the Adrenal cortex[52], suggesting that ACTH
from the fetal pituitary regulates MC2R expression
in the adrenal cortex through epigenetic mecha-
nisms. Prenatally stressed rhesus macaques showed
increased pituitary-adrenal activity at 2 years of
age, as shown by an increase in cortisol after a dex-
amethasone suppression test. This indicates a long
term effect of PS on HPA functioning[53]. In fetal

sheep an increase of NR3C1 which codes for GR
was found after exposure to maternal stress[54].
Taken together these results indicate that prena-
tal stress and glucocorticoid exposure play an im-
portant role in modulating the HPA-axis. These
effects of antenatal exposure to glucocorticoids is
highly dependent on species, sex, age and timing of
exposure[55].

3 Effects of prenatal stress on
the developing brain

Prenatal stress (PS) can have effects on cognition,
behavior and susceptibility to psychosocial prob-
lems. For example, children of a mother who experi-
ences stress during pregnancy, have a higher risk of
anxiety disorders[56, 57], attention-deficit disorder
(ADHD)[58, 59], schizophrenia[60, 61], and autism
spectrum disorders (ASD)[62]. The effects of PS are
likely mediated by the effect it has on the structure
and function of the developing fetal brain.

Cortisol has an important role in the bodys stress
response and during development. During late ges-
tation maternal cortisol levels are naturally ele-
vated. Indeed, cortisol is a critical developmental
trigger and essential for healthy development of
many organ systems such as thyroid, kidney, brain,
pituitary and lungs[63]. If fetal cortisol levels are
elevated at the wrong time normal developmental
trajectories could be altered. The fetus is protected
from the influences of cortisol through the placenta.
In the placenta the enzyme HSDB11 facilitates the
conversion of cortisol to the inactive cortisone. This
gatekeeping role of the placenta with regards to cor-
tisol is an imperfect one however, as maternal cor-
tisol is able to pass through the placenta and ma-
ternal and fetal cortisol levels are correlated[64].
Furthermore placental CRH (pCRH) secretion is
increased by cortisol in contrast to hippocampal
CRH (hCRH) production which is suppressed by
cortisol (see figure 3.2). In this manner an increase
in cortisol also leads to higher CRH concentrations
in the fetal brain which can then lead to a positive
endocrine feedback loop. pCRH stimulates ACTH
production in the fetal pituitary which in turn stim-
ulates the secretion of cortisol by the fetal adrenal
cortex. Fetal cortisol then further leads to an in-
crease of pCRH[65].
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pCRH can potentially alter brain regions rich
in CRH receptors such as the fetal hippocam-
pus, amygdala or other limbic areas[66, 16]. Fur-
thermore cortisol itself has a potentially detri-
mental effect on the developing brain. In animal
studies it has been readily demonstrated that fe-
tal exposure to high doses of glucocorticoids can
lead to decreased brain weight, alterations in HPA
functionality[67] and hippocampal neuronal degen-
eration of the CA regions[68]. PS can lead to a
decrease of placental HSDB11 activity thereby in-
creasing cortisol level in the developing fetus even
further. Altogether, the maternal and fetal HPA-
axis and the placenta mediate the effect of gluco-
corticoids on the developing brain. Because stress
may have differential effects in the brain, I will dis-
cuss three specific brain structures (hippocampus,
amygdala and hypothalamus) and their develop-
ment under PS.

3.1 Hippocampus

Development of the hippocampus, consisting of
the hippocampus proper (CA1-4) and the den-
tate gyrus (DG) (see figure 3.1), is primarily
formed during gestation in rodents as well as in
primates[69]. When extrapolating data from rats
to humans/primates, however, it is important to
keep in mind that the brain of rats and primates do
not maturate at the same rate. Rats can be consid-
ered post-natal brain developers, the postnatal pe-
riod of rats is comparable to the third trimester in
primates[70]. There are several differences in timing
of formation of hippocampal neurons between pri-
mates and rodents. The neurons of the hippocam-
pus proper form during the first half of gestation
whereas in rodents this forms in late gestation. The
granular cells of the DG in primates form largely
prenatally and in rodents they form postnatal[69].
In the DG neuronal proliferation continues in adult
life[71, 72].

Rhesus monkeys prenatally stressed in either
early or late gestation showed reduced neurogen-
esis in the DG and a reduced overall hippocampal
volume, regardless of the timing of the stressor[53].
Other studies using rhesus monkeys, but dexam-
ethasone (synthetic glucocorticoid) as a stressor,
also found reduced hippocampal volume and in ad-
dition found degeneration of pyramidal and den-
tate granular neurons[68, 74]. Rats that had been

Figure 3.1: hippocampus proper (CA1-4) and
the dentate gyrus (DG). Drawing of the hip-
pocampus by Camillo Golgi [73]

subjected to PS in the form of random restraint
from gestational day 15-19 showed a reduction in
hippocampal wet weight in males and females[75].
Whereas a different study done by Schmitz and col-
leagues that looked at hippocampal volume follow-
ing restraint stress only found an effect in females.
However in the study done by Schmitz the stres-
sor consisted of 20 minutes of restraint on gesta-
tional day 18[76]. Both studies used restraint as
a stressor, however the difference in intensity of
the stressor used suggests that the hippocampus
responds different to prenatal stress in males and
females. Neurogenesis in the DG region of the hip-
pocampus is also subjected to effects of PS. Us-
ing restrain + bright light during gestation led
to a decrease in DG neurogenesis in adult rats,
however neonatal handling reversed these effects.
An indication of the regenerative properties of the
hippocampus[77, 78]. This effect appears to be sex
specific as the two studies mentioned previously
only used males whereas another study that em-
ployed both male and female rats only found an
decrease in DG neurogenesis in males[79]. Interest-
ingly limited stress seems beneficial for DG neu-
rogenesis. When rats were subjected to 240 min/d
of PS, neurogenesis was decreased. This contrasts
to when rats only received 30 min/d of PS, where
neurogenesis was increased[80]. In the CA1 region
synaptic loss and a decrease in dendritic arboriza-
tion has been reported in rats following prenatal
stress in the form of daily restraint from gesta-
tional day 14-21[81]. Furthermore hippocampal glu-
cocorticoid receptors in the hippocampus are down-
regulated in female rats that experienced prenatal
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stress using flashing lights and noise throughout the
pregnancy[82].

In humans little data are available on how PS
affects the structure and function of the hippocam-
pus. One study was performed in a large cohort
following children who were subjected to PS by
an ice storm in Canada in 1998. MRI was per-
formed on children aged 11, the study is not yet
published but preliminary findings show reduced
right hippocampal volume in male but not in fe-
male adolescents[83]. Another study linking mater-
nal cortisol levels with hippocampal volume found
no effect of higher maternal cortisol levels on hip-
pocampal volume in offspring[84]. This is in con-
trast to animal studies but could be explained by
the fact that these women had not been exposed
to stressful events such as disaster during preg-
nancy. Furthermore a common finding in the brain
of people suffering from post-traumatic stress dis-
order (PTSD) is a decrease in hippocampal volume
compared to subjects exposed to trauma but with-
out PTSD and subjects not exposed to trauma[85].
In combat veterans of the Vietnam war it was found
that PTSD was associated with a reduction in hip-
pocampal volume, however the same reduction was
found in their monozygotic twins who did not go
to war[86], indicating that a reduced hippocampal
volume may also be an indication for susceptibility
to PTSD.

3.2 Amygdala

The amygdala is part of the limbic system and plays
a central role in emotional responses and memory.
It consists of several nuclei including the central,
lateral, basolateral, and cortical amygdalar nuclei.
The amygdala develops early in development[87]
and is sensitive to glucocorticoids during this
period[88]. The amygdala has a facilitator effect
on the HPA-axis by causing CRH release following
amygdala stimulation[89]. Furthermore its role is
implicated in a number of psychopathological and
neurodevelopmental disorders[90].

In rats PS has been shown to decrease the vol-
ume of the basolateral, lateral and central nuclei;
the number of neurons in these nuclei and the num-
ber of glia cells. Interestingly after post-natal day
45 this reduction resolves itself[91]. A study done
earlier by the same group and using the exact same
stressors found that after postnatal day 80 an in-

crease in volume of the lateral nucleus was found as
well as an increase in neuronal density in that re-
gion. For the other amygdalar nuclei no difference
was found compared with controls[92]. In the cen-
tral nucleus a higher expression of CRH and a re-
duced CRHR2 expression was found in offspring of
rats that underwent stress from gestational day 13-
21[93]. These findings combined suggest that there
is an early divergence of amygdala development fol-
lowing PS that could ultimately function quite dif-
ferently in adulthood compared with controls.

In humans higher maternal cortisol has been
linked to an increase in the volume of the right
but not left amygdala. This effect was only seen
when mothers had elevated cortisol levels during
early gestation and not late gestation. Furthermore
Buss and colleagues found more affective problems
in girls that were exposed to elevated cortisol dur-
ing early gestation, an increase in affective prob-
lems was also associated with an increase in volume
of the amygdala[84]. Furthermore using MRI func-
tional connectivity of the amygdala was found to be
altered in early post-natal life due to prenatal ma-
ternal depressive symptoms[94]. Excessive activity
of the amygdala has been linked to higher risk to
develop PTSD and major depression[88].

3.3 Hypothalamus

The hypothalamus primary function is the link be-
tween the central nervous system and the endocrine
system via the HPA-axis. The hypothalamus forms
during the early fetal period[16]. The PVN is an
especially interesting area of the hypothalamus as
the neurons that secrete CRH reside here to control
the HPA-axis.

In rats long-lasting PS leads to neurotoxicity
of neurons in the PVN whereas short PS facili-
tates development of these very same neurons in-
dicating that a little stress is healthy for PVN
development[95]. In the PVN, PS induces a higher
expression of CRH mRNA in females[93]. In both
male and female rats it was reported that there
was a reduction in CRH-binding protein (CRH-
BP) mRNA in the PVN. This protein modulates
CRH activity by inhibiting CRH-induced ACTH
secretion[93]. Piglets that were exposed to PS ex-
hibited a reduction of glucocorticoid binding sites.
This could indicate a reduction in negative feed-
back at the PVN site[96]. Furthermore, the size
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of the SDN-POA, a sexual dimorphic nuclei of
the hypothalamus, is shown to be affected by PS
in male rats. Normally the SDN-POA is almost
twice the size in males compared to females. How-
ever when males are exposed to PS the size is al-
most 50% smaller which brings it closer to the size
in females[97]. Combining these findings suggests
that PS can have morphological effects on the hy-
pothalamus and that these effects are modulated
by sex[16].

Taken together these findings show that there are
many different brain regions that are susceptible
to alterations via prenatal stress. Furthermore in
the different brain regions there are several sites
in which alterations take place. The effects we see
show a clear sex component and also the type and
intensity of stressor could potentially play a role.
The alterations in brain morphology and HPA-axis
shed light on the developmental origins of psy-
chopathology

4 Prenatal Stress and Psy-
chopathology

It becomes apparent that the fetus can be
programmed through maternal signals. Prena-
tal stress can through various mechanisms influ-
ence offsprings physiology and behavior. Changes
in brain morphology and HPA axis responsive-
ness have been observed following PS. Indeed PS
has been linked to a variety of psychopatholo-
gies in humans. Most notably anxiety, attention
deficit/hyperactivity disorder, conduct disorders,
cognitive defects, schizophrenia and autism spec-
trum disorder[15, 61, 84, 98]. Therefore it makes
sense to look at psychopathologies from a proxi-
mate angle, what are the mechanisms involved and
how does the trait develop over time? However,
to fully understand these phenomena we must also
look at the ultimate questions. In what way does
the trait impact fitness and how has it developed
over the history of the species? There are con-
tending views on how this developmental plasticity
came to be. One important realization then to make
is that negative feelings and emotions, such as anx-
iety and fear, are useful and the systems governing
them are delicate98. What we now call disorder or
disease could once have been a functional adapta-

tion. Heightened anxiety could lead to an increase
in vigilance and alertness to danger. People with
ADHD might have a greater sensitivity to poten-
tially dangerous signals. Depression especially dur-
ing winter as with seasonal affective disorder could
help conserve energy. Increased aggression makes
sense in a dangerous environment where the need
to defend could arise at any moment. The capac-
ity for these kinds of disorders exist only because
there are situations in which they are useful[99].
The idea that fetal development is altered in such
a way that it is prepared for the world in which it
will find itself has been termed the predictive adap-
tive response (PAR)[21]. Maternal signals act as a
forecast for the world that the offspring will find
himself in. The majority of the focus on the PAR
hypothesis has been on fetal growth and nutrition.
The variation in availability of food being a basic
parameter that systems in the body can respond
to. In the same way variation in stress in the en-
vironment is another parameter that can be trans-
ferred to the developing fetus in the form of glu-
cocorticoids where systems such as the HPA axis
can respond to. The effects observed after prena-
tal stress may well have given an adaptive edge in
more primitive conditions. The non-adaptive phe-
nomena we observe now could be due to a mis-
match in modern conditions or non-adaptive side
effects. Others could be explained by being on an
extreme of an adaptive spectrum. For example a
fear of spiders could be beneficial however when
it results in a debilitating phobia of spiders it can
be maladaptive[15]. In the following sections I will
outline specific psychopathologies associated with
prenatal stress and discuss their advantages and
disadvantages and briefly examine sex differences.

4.1 ADHD

ADHD has been linked with prenatal stress in
a wide variety of studies[15, 56, 98, 100, 101].
With the prevalence of ADHD occurring in hu-
mans it stands to reason that the behaviors we
see may not just be symptoms of a disorder, but
are functional adaptations. ADHD is character-
ized by inattention, hyperactivity and impulsivity.
Traits which are all potentially adaptive. Inatten-
tion could be effective in an environment containing
a high amount of threats. Vigilance in such sur-
roundings is paramount for survival. Over-focused
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Figure 3.2: Fetal HPA-axis. Neurons from the PVN secrete hCRH and AVP that then act on the pituitary
to promote POMC which is the precursor of ACTH. ACTH then acts on the adrenal cortex to stimulate cortisol
synthesis. Cortisol attenuates the HPA-response via negative feedback at the pituitary and PVN. In the placenta
the enzyme HSDB11 facilitates the conversion of maternal cortisol to the inactive cortisone. This barrier is not
perfect as cortisol is able to pass through the placenta in to the fetal bloodstream. Furthermore GR on the placenta
stimulate pCRH production which then through the fetal HPA-axis further stimulates cortisol production. pCRH
is increased by cortisol causing a positive endocrine feedback loop.

attention could be potentially dangerous in a high
threat environment whereas it could be beneficial
in a low-threat setting.

Exploration helps in finding new food sources
and identifying threats and in such a way is essen-
tial for any organism in order to adapt successfully
to a given environment. From this perspective in-
creased hyperactivity and motor activity is poten-
tially adaptive. Impulsivity is a quick response to
environmental cues without considering alternative
options. If you dont quickly pounce on potential
prey or dodging out of the way you may not get
another chance. Therefore impulsivity is a poten-
tially beneficial trait[102]. Furthermore it has been
argued that for an individual clamoring for mater-
nal attention can be adaptive. Among the Masai
of eastern Africa during droughts more difficult or
fussy children have been suggested to have a greater
survival[103]. In groups having individuals who are
impulsive and who do things that can be detri-
mental to the individual but could be beneficial for

the group, such as eating unknown berries, might
be poisonous but the knowledge learned could be
beneficial[104].

A mother experiencing stress could be signaling
to the fetus via glucocorticoids that the outside en-
vironment is one full of dangers and unpredictabil-
ity and as such prepare them for it. One study using
self-reported anxiety measures found that maternal
anxiety during pregnancy lead to a decrease in at-
tention regulation at 3 and 8 months[105]. Another
study found that maternal anxiety during late ges-
tation lead to an increase in ADHD symptoms in
four-year old boys but not girls. When looking at
postnatal effects on anxiety and ADHD symptoms
no correlation was found suggesting that it is a fetal
programming effect at work here[100]. Interestingly
in contrast another study found that ADHD symp-
toms increase when the mother was experiencing
anxiety 12-22 weeks post-menstrual age[106].

One possible mechanism responsible for PS caus-
ing ADHD are epigenetic changes to the SLC6A4
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and NR3C1 promotor regions. Both these re-
gions methylation status is implicated in ADHD
symptoms[107, 108]. Furthermore the methylation
status of these regions are affected by PS[32,
109]32,109. What the exact relation is between
these factors and developing ADHD however re-
mains largely unknown and many more gene re-
gions factor in to the equation.

4.2 Anxiety

Prenatal stress has been associated with an increase
in anxiety in the offspring in several studies[57, 100,
110]. Perceived threats lead to a general increase in
anxiety that prepares the body for incoming dan-
ger. Anxiety is a normal emotion necessary for de-
fending against a wide variety of threats and dan-
gers. Threats such as predation or heights but also
social danger. Anxiety is only beneficial when care-
fully calibrated. Too little anxiety leads to danger-
ous behaviors and too much disables us. The regula-
tion of anxiety has been described as a benefit-cost
tradeoff[111]. Anxiety disorders in a stressful and
dangerous environment could be beneficial. Over-
reactivity to stressors might be an inconvenience
or even debilitating in modern society, however in
more primitive times failing to respond to a threat
could very well mean death. Thus, having a fetal
programming mechanism that heightens anxiety-
like traits in the offspring could be adaptive in
high threat environments. External threats arouse
general but also specific responses. Heights induces
freezing behavior, social threats submission, preda-
tors provoke flight and so on[111]. Thus, exposure
to different types of threats could lead to different
effects on outcome of fetal programming.

Exposure to elevated maternal cortisol levels was
in one study associated with an increase in child
anxiety at 6-9 years of age[57]. Furthermore, chil-
dren with clinical levels of anxiety where twice
as likely to have been exposed to elevated mater-
nal cortisol levels[57]. Maternal psychological stress
was only found to influence child anxiety when
it was concerning pregnancy specific anxiety. This
could be an indication of different types of anx-
iety/stress having different outcomes, or perhaps
one of timing as the self-reported pregnancy specific
anxiety decreased as pregnancy progressed[57]. An-
other study found that prenatal maternal anxiety
18-22 weeks post menstrual age increased anxiety

in 8 and 9 years old, this result was found for anx-
iety and ADHD[106].

The HPA-axis is crucial in the regulation of
the stress response and alterations in HPA-axis
functioning have been associated with anxiety
disorders[112]. A number of HPA regulatory genes
(NR3C1 NR3C2, CRH, POMC and HSD11B2)
are regulated by epigenetic mechanisms and are
thus a possible target for fetal programming of
anxiety[35]. As mentioned before PS has been
shown to alter methylation status of the promo-
tor regions for NR3C1, HSD11B2 and CRH[49, 50,
32, 34]. In such a manner PS can through epigenetic
mechanisms alter HPA reactivity and cause anxiety
disorders. When looking at brain morphology of the
anxious brain, a hyperactivity of the amygdala is
most commonly observed[113]. In one study gen-
eral anxiety disorder (GAD) was associated with
an increase in right amygdala volume and a to-
tal increase in amygdala volume[114]. In contrast
a different study showed a decrease in left amyg-
dala volume[115].

PTSD can be considered an anxiety disorder
and was indeed officially so before the new DSM-
V classification[116], this new classification is not
without controversy however[117]. For this section
I will consider PTSD as an anxiety related disor-
der. The proximal cause of PTSD is a distinct event
or events in which there is a threat to an individu-
als life. The symptoms of PTSD are characterized
by hypervigilance, avoiding similar situations (trig-
gers) and reliving the event in flashbacks. Veterans
returning from war often suffer from PTSD and
this makes integration back in to civilian life diffi-
cult. From an evolutionary perspective the preva-
lence of PTSD after traumatic events makes sense,
Few failures are as unforgiving as the failure to
avoid a predator: being killed greatly decreases fu-
ture fitness[118]. In the case of a threat to your life
there is one chance to survive and one chance to
learn from it. It is therefore adaptive to be wrong
a lot of the time if you get it right the one time
when survival is on the line. A reduction of hip-
pocampal volume is observed in veterans suffering
PTSD but also in their monozygotic twins that did
not go to war and dont suffer from PTSD[86]. This
implies a vulnerability to PTSD with a reduction
in hippocampal size. One effect seen from PS is a
reduction of hippocampal size[61, 63, 64, 83]. There
is a significant link between mothers having PTSD
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and their offspring subsequently being at risk for
developing PTSD later in life[119] indicating that
a fetal programming mechanism might be at play
here. Further research in to specific stress during
pregnancy and the risk of developing PTSD later
in life is necessary to elucidate this relationship.

4.3 Conduct Disorder

Conduct disorder refers to behavioral and emo-
tional problems in childhood and adolescents. Its
is characterized by repetitive and persistent pat-
tern of behavior in which basic rights of others are
violated or violation of societal norms[116]. Prena-
tal stress shows a significant association with anti-
social behavior or conduct problems in children,
especially when exposed at late gestation. Inter-
estingly conduct disorders are more prevalent in
boys than girls but in relation to prenatal stress
no significant differences between the sexes was
found[100, 120, 121].

An increase in aggressive behavior may be adap-
tive in a stressful environment where resources are
scarce or threats from outsiders are significant. Ag-
gression helps defending from predators and hostile
humans. The rule braking aspect of conduct disor-
der can be beneficial in discovery of new environ-
ments or strategies[15].

In the brain of boys with conduct disorder ag-
ing 12-17 years a reduction of left amygdala and
left hippocampus was found[122]. As discussed pre-
viously PS is known to potentially lead to a re-
duction in these brain areas. Further mechanisms
on the cause of conduct disorders can be found in
HPA-axis functioning. Interestingly conduct disor-
ders are associated with lower HPA activity[123].
This is in contrast with findings of PS leading to
more reactivity of the HPA-axis. Furthermore PS
has been shown as discussed previously to disrupt
glucocorticoid receptor expression which is associ-
ated with aggression.

These findings taken together suggest that PS ex-
posure may lead to conduct problems later in life.
The increase in aggression and rule breaking be-
havior can potentially be explained by alterations
in HPA-axis functioning and morphological changes
in the amygdala and hippocampus

4.4 Diversity in Outcome

A large variety of outcomes as a result of prena-
tal stress is observed. In some cases, but not all, it
leads to psychopathology, and the psychopatholo-
gies that occur can be very different in effect. What
causes this breadth of plasticity as a result of PS?
From an evolutionary perspective having genetic
diversity in a population is generally seen as bene-
ficial when faced with a changing environment. In
the same manner having diversity in strategies in
responses to PS can give an evolutionary edge. A
basis for this could be in genetic factors underlying
fetal programming responses. For example there ex-
ist a polymorphism of the SLC6A4 gene. This poly-
morphism come in two different variants, namely
a short (s) and a long (l) variant and is associ-
ated with anxiety related traits[124]. Interactions
in genotype and epigenetic regulation could help
explain the diversity in outcome.

5 Conclusion

In this thesis I explored the relation between pre-
natal stress, neurodevelopment and subsequent de-
veloping of psychopathology. I looked at fetal pro-
gramming from an evolutionary perspective and
discussed some of the molecular mechanisms in-
volved. Research on the effects of prenatal stress on
offspring show a persistent effect on epigenetic reg-
ulation, HPA-axis activity, brain morphology and
behavior in infancy as well as in adult life

DNA methylation is the most commonly re-
searched epigenetic mechanism with regard to fe-
tal programming via PS. Promoter regions of DNA
that are rich in GcP islands that undergo methyla-
tion are generally silenced. Genes of interest among
others that undergo hyper- or hypo- methylation
following PS are SLC6A1/4, HSD11B2, NR3C1,
CRH and POMC[35]. The HPA-axis which con-
trols the stress response is, among others, regu-
lated by HSD11B2, NR3C1, CRH and POMC[35].
HSD11B2 converts cortisol to the inactive cortisone
in the placenta. This mechanism protects the fetus
from excessive amount of cortisol. Research shows
that placental HSD11B2 is lowered following PS.
This could indicate an increased sensitivity to ma-
ternal cortisol of the offspring. NR3C1 codes for
the glucocorticoid receptor and is expressed in a
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great variety of regions and tissues. It was found
that PS leads to an increase in methylation of the
N3C1 promotor regions and a lowered expression of
GR receptors has been found in the hippocampus
where the GR modulates the HPA-axis via a nega-
tive feedback-loop (see figure 2.2). POMC and CRH
both play a role in cortisol secretion. The CRH pro-
motor region is found to be hypomethylated follow-
ing PS, this is in accordance with the finding that
CRH levels are increased in the amygdala and hy-
pothalamus. Brain regions that are high in CRH
receptors ,such as the limbic system, could be al-
tered during development by excess CRH levels. No
research was found on epigenetic alterations by PS
on POMC, however its promotor region is rich in
GcP islands and has been shown to be differen-
tially expressed due to methylation. Furthermore
synthetic glucocorticoid exposure during develop-
ment has been shown to reduce POMC mRNA in
the pituitary indicating that PS could have an ef-
fect. SLC6A1/4 code for proteins that transport re-
spectively GABA and serotonin from the synaptic
cleft to the presynaptic neuron. SLC6A1 is found to
be downregulated in the prefrontal cortex following
prenatal bystander stress. SLC6A4 is hypomethy-
lated following prenatal stress.

In the brain of offspring exposed to PS we see
morphological changes at several sites. In this the-
sis I limited myself to the hippocampal, amygdalar
and hypothalamic regions. In the hippocampus a
reduction of neurogenesis in the DG, degeneration
of pyramidal and dentate granular neurons and a
reduction in hippocampal volume is reported fol-
lowing PS. In the right half of the amygdala an in-
crease is found in volume. Furthermore reductions
have been found in several sites of the amygdala
in rats. In the hypothalamus the SDN-POA nuclei
shows reduction in size due in males due to PS.
Increased CRH expression is observed in the PVN
and a reduction of glucocorticoid binding sites is
reported. Concluding that these areas are subject
to alterations by PS and can subsequently alter be-
havior and lead to development of psychopathology
in adulthood.

There is abundant evidence linking PS to devel-
opment of psychopathology in adult life. Chances of
anxiety, ADHD and conductive disorders increase
after prenatal exposure. There may be evolution-
ary benefit to what we consider disorders in con-
temporary society. People with ADHD are quick to

react to stimuli and are more prone to impulsivity,
beneficial traits in high threat environments. In-
creased anxiety and susceptibility to PTSD can also
be beneficial in such environments. Rabbits with-
out an innate fear of foxes have an often fatal anxi-
ety disorder98. The overreaction to fear stimuli can
be beneficial considering that in nature a threat is
often a life or death situation, and death greatly
decreases fitness. Conduct disorders are accompa-
nied by more aggression and anti-social behavior.
Aggression and anti-social behaviors can be benefi-
cial when resources are scarce or there is threat of
hostile humans or predators. Not only do these ap-
parent psychopathologies have evolutionary bene-
fits, the mechanisms for PS to implement them are
present in the brain. This can be considered evi-
dence for the PAR hypothesis, maternal signals re-
garding the state of the environment influence the
development in such a way that offspring is bet-
ter prepared for it in adult life. There are however
some criticisms regarding the validity of this hy-
pothesis. This model assumes that the maternal
signals always serve the fetuses best interest but
overlooks that maternal manipulation of fetal de-
velopment could be used to promote her own bi-
ological fitness at the expense of the offspring[18].
Indeed maternal stress can be extremely detrimen-
tal to the developing fetus often leading to mis-
carriage in the first trimester of pregnancy[125].
Glucocorticoid exposure and PS exposure in late
gestation is associated with an increase in preterm
birth[126]126 and quicker maturation of the brain
and other organs[35]. Avoiding the final weeks of
pregnancy when brain development is most rapid
may help in preserving resources that are scarce.
Preterm birth is not without risk for the offspring as
it leads to a higher chance of morbidity, mortality,
and altered developmental trajectories, this may be
a risk worth taking from a maternal perspective in
order to balance current and future offspring and
thereby improving overall reproductive succes[127].
The psychopathologies that occur later in life could
simply be a side effect of an altered developmental
track.

Regardless of the evolutionary origin of the ef-
fects of PS and the subsequent development of
psychopathology later in life it is essential to fur-
ther understand the mechanisms involved. Being
able to identify risk factors for developing psy-
chopathologies may enable us to prevent or rem-
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edy said pathologies. The molecular mechanisms
identified could potentially prove to be targets for
pharmaceuticals. However it might also be impor-
tant to realize that not-neurotypical brains do not
always necessarily have to be fixed and that neuro-
diversity may have intrinsic value in and of itself.

Further understanding of these phenomena is
necessary. One interesting avenue of exploration
could be research that implements genotyping to-
gether with epigenetic alterations in order to elu-
cidate the high diversity of outcome. Furthermore,
epigenetic programming has been shown to be able
to persist over generations it would be interesting
to see if psychopathology can be passed down via
epigenetic mechanisms.

References

[1] D.J.P. Barker. The Developmental Origins of
Adult Disease. Journal of the American Col-
lege of Nutrition, 23(sup6):588S–595S, 2004.

[2] T. J. Roseboom, J. H.P. Van der Meulen,
C. Osmond, D. J.P. Barker, A. C.J. Ravelli,
and O. P. Bleker. Plasma lipid profiles in
adults after prenatal exposure to the Dutch
famine. American Journal of Clinical Nutri-
tion, 72(5):1101–1106, 2000.

[3] Gian-Paolo Ravelli, Zena A. Stein, and
Mervyn W. Susser. Obesity in Young Men
after Famine Exposure in Utero and Early
Infancy. New England Journal of Medicine,
295(7):349–353, 1976.

[4] Tessa J. Roseboom, Jan H. P. van der
Meulen, Anita C. J. Ravelli, Clive Osmond,
David J. P. Barker, and Otto P. Bleker. Ef-
fects of prenatal expossure to the Ductch
famine on adult disease in later life: an
overview. Molecular and Cellular Endocrinol-
ogy, 185(5):93–98, 2001.

[5] T. J. Roseboom, J. H P Van Der Meulen,
C. Osmond, D. J P Barker, A. C J Rav-
elli, and O. P. Bleker. Adult survival after
prenatal exposure to the Dutch famine 1944-
45. Paediatric and Perinatal Epidemiology,
15(3):220–225, 2001.

[6] C Nicholas Hales and David J P Barker. The
thrifty phenotype hypothesis: Type 2 dia-
betes. British Medical Bulletin, 60(1):5–20,
2001.

[7] Marta Weinstock. The potential influence
of maternal stress hormones on development
and mental health of the offspring. Brain, Be-
havior, and Immunity, 19(4):296–308, 2005.

[8] Marie Paule Austin, Leo R. Leader,
and Nicole Reilly. Prenatal stress, the
hypothalamic-pituitary-adrenal axis, and
fetal and infant neurobehaviour. Early
Human Development, 81(11):917–926, 2005.

[9] Bea R.H. Van Den Bergh, Eduard J.H. Mul-
der, Maarten Mennes, and Vivette Glover.
Antenatal maternal anxiety and stress and
the neurobehavioural development of the fe-
tus and child: Links and possible mecha-
nisms. A review. Neuroscience and Biobehav-
ioral Reviews, 29(2):237–258, 2005.

[10] Amita Kapoor, Elizabeth Dunn, Alice
Kostaki, Marcus H Andrews, and Stephen G
Matthews. Fetal programming of hypotha-
lamo pituitary adrenal function: prenatal
stress and glucocorticoids. The Journal of
physiology, 572(1):31–44, 2006.

[11] Mary L. Schneider, Colleen F. Moore,
Gary W. Kraemer, Andrew D. Roberts,
and Onofre T. DeJesus. The impact of
prenatal stress, fetal alcohol exposure, or
both on development: Perspectives from a
primate model. Psychoneuroendocrinology,
27(1-2):285–298, 2002.

[12] Vivette Glover, T. G. O’Connor, and Kieran
O’Donnell. Prenatal stress and the program-
ming of the HPA axis. Neuroscience and
Biobehavioral Reviews, 35(1):17–22, 2010.

[13] Oliver P. Love and Tony D. Williams. Plas-
ticity in the adrenocortical response of a free-
living vertebrate: The role of pre- and post-
natal developmental stress. Hormones and
Behavior, 54(4):496–505, 2008.

[14] Carmine M. Pariante and Stafford L. Light-
man. The HPA axis in major depression: clas-
sical theories and new developments. Trends
in Neurosciences, 31(9):464–468, 2008.

13



[15] Vivette Glover. Annual research review: Pre-
natal stress and the origins of psychopathol-
ogy: An evolutionary perspective. Journal of
Child Psychology and Psychiatry and Allied
Disciplines, 52(4):356–367, 2011.

[16] Arnaud Charil, David P. Laplante, Cathy
Vaillancourt, and Suzanne King. Prenatal
stress and brain development. Brain Research
Reviews, 65(1):56–79, 2010.

[17] Mary Jane West-Eberhard. Developmental
plasticity and evolution. Oxford University
Press, Inc, 2003.

[18] Marco Del Giudice. Fetal programming
by maternal stress: Insights from a con-
flict perspective. Psychoneuroendocrinology,
37(10):1614–1629, 2012.

[19] Peter D. Gluckman, Mark A. Hanson, and
Hamish G. Spencer. Predictive adaptive re-
sponses and human evolution. Trends in
Ecology and Evolution, 20(10):527–533, 2005.

[20] Keith M. Godfrey, Karen A. Lillycrop, Gra-
ham C. Burdge, Peter D. Gluckman, and
Mark A. Hanson. Epigenetic mechanisms and
the mismatch concept of the developmental
origins of health and disease. Pediatric Re-
search, 61(5 PART 2 SUPPL.):31–36, 2007.

[21] Patrick Bateson, Peter Gluckman, and Mark
Hanson. The biology of developmental
plasticity and the Predictive Adaptive Re-
sponse hypothesis. Journal of Physiology,
592(11):2357–2368, 2014.

[22] Waddington CH. The epigenotype. Endeav-
our, (1):18–20, 1942.

[23] J R Morris. Genes , Genetics , and Epigenet-
ics : A Correspondence. 293(August):1103–
1106, 2001.

[24] David Ratel, Jean Luc Ravanat, François
Berger, and Didier Wion. N6-methyladenine:
The other methylated base of DNA. BioEs-
says, 28(3):309–315, 2006.
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Holsboer. Stress and the brain: From adapta-
tion to disease. Nature Reviews Neuroscience,
6(6):463–475, 2005.

[38] Yvonne M Ulrich-lai and James P Herman.
Neural Regulation of Endocrine and Auto-
nomic Stress Responses. Nature reviews Neu-
roscience, 10(6):397–409, 2009.

[39] S Levine. Infantile Experience and Resistance
to Physiological Stress. Science, 126:405,
1957.

[40] Chris Murgatroyd and Dietmar Spengler.
Epigenetic programming of the HPA axis:
Early life decides. Stress, 14(6):581–589,
2011.

[41] Thorsten Braun, John R. Challis, John P.
Newnham, and Deborah M. Sloboda.
Early-life glucocorticoid exposure: The
hypothalamic-pituitary-adrenal axis, pla-
cental function, and longterm disease risk.
Endocrine Reviews, 34(6):885–916, 2013.

[42] A. S. Clarke, D. J. Wittwer, D. H. Abbott,
and M. L. Schneider. Longterm effects of pre-
natal stress on HPA axis activity in juvenile
rhesus monkeys. Developmental Psychobiol-
ogy, 27(5):257–269, 1994.

[43] A. C. Huizink, D. M. Dick, E. Sihvola,
L. Pulkkinen, R. J. Rose, and J. Kaprio.
Chernobyl exposure as stressor during preg-
nancy and behaviour in adolescent offspring.

Acta Psychiatrica Scandinavica, 116(6):438–
446, 2007.

[44] Thomas G. O’Connor, Yoav Ben-Shlomo,
Jon Heron, Jean Golding, Diana Adams,
and Vivette Glover. Prenatal anxiety pre-
dicts individual differences in cortisol in pre-
adolescent children. Biological Psychiatry,
58(3):211–217, 2005.

[45] Barbara M. Gutteling, Carolina De Weerth,
and Jan K. Buitelaar. Maternal prena-
tal stress and 4-6 year old children’s sali-
vary cortisol concentrations pre- and post-
vaccination. Stress, 7(4):257–260, 2004.

[46] Patricia A. Brennan, Rebecca Pargas,
Elaine F. Walker, Paula Green, D. Jeffrey
Newport, and Zachary Stowe. Maternal
depression and infant cortisol: Influences of
timing, comorbidity and treatment. Journal
of Child Psychology and Psychiatry and
Allied Disciplines, 49(10):1099–1107, 2008.

[47] Kerry Ann Grant, Catherine McMahon,
Marie Paule Austin, Nicole Reilly, Leo
Leader, and Sinan Ali. Maternal prenatal
anxiety, postnatal caregiving and infants’ cor-
tisol responses to the still-face procedure.
Developmental Psychobiology, 51(8):625–637,
2009.

[48] Sonja Entringer, Robert Kumsta, Dirk H.
Hellhammer, Pathik D. Wadhwa, and Ste-
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tiano Alemà, Sara Morley-Fletcher, Valentina
Chiodi, Luigi Giusto Spagnoli, Roberto Gra-
dini, Assia Catalani, Ferdinando Nicoletti,
and Stefania Maccari. Prenatal restraint
stress generates two distinct behavioral and
neurochemical profiles in male and female
rats. PLoS ONE, 3(5), 2008.

[80] A. Fujioka, T. Fujioka, Y. Ishida,
T. Maekawa, and S. Nakamura. Differ-
ential effects of prenatal stress on the
morphological maturation of hippocampal
neurons. Neuroscience, 141(2):907–915,
2006.

[81] V.G. Barros, M. Duhalde-Vega, L. Caltana,
A. Brusco, and M.C. Antonelli. Astrocyte-
neuron vulnerability to prenatal stress in the
adult rat brain. Journal of Neuroscience Re-
search, 83(5):–, 2006.

17



[82] Marta Weinstock, Erlena Matlina, Gilmor I.
Maor, Haim Rosen, and Bruce S. McEwen.
Prenatal stress selectively alters the reac-
tivity of the hypothalamic-pituitary adrenal
system in the female rat. Brain Research,
595(2):195–200, 1992.

[83] R. Dufoix, A. Charil, D.P. Laplante, T. Paus,
J. Pruessner, and S. King. Prenatal ma-
ternal stress from a natural disaster pre-
dicts hippocampus volumes in males at age
11: Project Ice Storm. International Jour-
nal of Developmental Neuroscience, 47(May
2016):12, 2015.

[84] Claudia Buss, Elysia Poggi, Babak Shahbaba,
Jens C Pruessner, Kevin Head, and Curt A
Sandman. Maternal cortisol over the course
of pregnancy and subsequent child amygdala
and hippocampus volumes and affective prob-
lems. 109(20), 2012.

[85] Lisa M. Shin, Scott L. Rauch, and Roger K.
Pitman. Amygdala, medial prefrontal cortex,
and hippocampal function in PTSD. An-
nals of the New York Academy of Sciences,
1071:67–79, 2006.

[86] Mark W. Gilbertson, Martha E. Shen-
ton, Aleksandra Ciszewski, Kiyoto Kasai,
Natasha B. Lasko, Scott P. Orr, and
Roger K. Pitman. Smaller hippocampal
volume predicts pathologic vulnerability to
psychological trauma. Nature Neuroscience,
5(11):1242–1247, 2002.

[87] Tryphena Humphrey. The development of
the human amygdala during early embryonic
life,. The Journal of Comparative Neurology,
132(1):135–165, 1968.

[88] Martin H. Teicher, Susan L. Andersen, Ann
Polcari, Carl M. Anderson, Carryl P. Navalta,
and Dennis M. Kim. The neurobiological con-
sequences of early stress and childhood mal-
treatment. Neuroscience and Biobehavioral
Reviews, 27(1-2):33–44, 2003.

[89] Shaul Feldman and J. Weidenfeld. The
excitatory effects of the amygdala on
hypothalamo-pituitary- adrenocortical re-
sponses are mediated by hypothalamic nore-

pinephrine, serotonin, and CRF-41. Brain
Research Bulletin, 45(4):389–393, 1998.

[90] Michael R Trimble and Ludger Tebartz Van
Elst. The amygdala and psychopathology
studies in epilepsy. Annals of the New York
Academy of Sciences, 985:461–468, 2003.

[91] Micha l Kraszpulski, Patricia A Dickerson,
and A K Salm. Prenatal stress affects the de-
velopmental trajectory of the rat amygdala.
3890, 2009.

[92] A. K. Salm, Michelle Pavelko, E. Marshall
Krouse, Wendy Webster, Micha l Kraszpul-
ski, and Dale L. Birkle. Lateral amygdaloid
nucleus expansion in adult rats is associ-
ated with exposure to prenatal stress. De-
velopmental Brain Research, 148(2):159–167,
2004.

[93] I. Zohar and M. Weinstock. Differential Ef-
fect of Prenatal Stress on the Expression of
Cortiocotrophin-Releasing Hormone and its
Receptors in the Hypothalamus and Amyg-
dala in Male and Female Rats. Journal of
Neuroendocrinology, 23(4):320–328, 2011.

[94] A. Qiu, T. T. Anh, Y. Li, H. Chen, A. Rifkin-
Graboi, B. F.P. Broekman, K. Kwek, S. M.
Saw, Y. S. Chong, P. D. Gluckman, M. V.
Fortier, and M. J. Meaney. Prenatal ma-
ternal depression alters amygdala functional
connectivity in 6-month-old infants. Transla-
tional Psychiatry, 5(2), 2015.

[95] T. Fujioka, Y. Sakata, K. Yamaguchi,
T. Shibasaki, H. Kato, and S. Nakamura.
The effects of prenatal stress on the devel-
opment of hypothalamic paraventricular neu-
rons in fetal rats. Neuroscience, 92(3):1079–
1088, 1999.

[96] E. Kanitz, W. Otten, M. Tuchscherer, and
G. Manteuffel. Effects of prenatal stress
on corticosteroid receptors and monoamine
concentrations in limbic areas of suckling
piglets (Sus scrofa) at different ages. Journal
of Veterinary Medicine Series A: Physiology
Pathology Clinical Medicine, 50(3):132–139,
2003.

18



[97] David K. Anderson, Reuben W. Rhees, and
Donovan E. Fleming. Effects of prenatal
stress on differentiation of the sexually dimor-
phic nucleus of the preoptic area (SDN-POA)
of the rat brain. Brain Research, 332(1):113–
118, 1985.

[98] Anja C Huizink, Eduard J H Mulder, and
Jan K Buitelaar. Prenatal Stress and Risk
for Psychopathology: Specific Effects or In-
duction of General Susceptibility? Psycho-
logical Bulletin, 130(1):115–142, 2004.

[99] Randolph M. Nesse and Phoebe C. Ellsworth.
Evolution, Emotions, and Emotional Disor-
ders. American Psychologist, 64(2):129–139,
2009.

[100] Thomas G. O’Connor, Jonathan Heron, Jean
Golding, and Vivette Glover. Maternal an-
tenatal anxiety and behavioural/emotional
problems in children: A test of a program-
ming hypothesis. Journal of Child Psychol-
ogy and Psychiatry and Allied Disciplines,
44(7):1025–1036, 2003.

[101] Karen Markussen Linnet, Søren Dalsgaard,
Carsten Obel, Kirsten Wisborg, Tine Brink
Henriksen, Alina Rodriguez, Arto Kotimaa,
Irma Moilanen, Per Hove Thomsen, Jørn
Olsen, and Marjo-Riitta Jarvelin. Maternal
lifestyle factors in pregnancy risk of atten-
tion deficit hyperactivity disorder and asso-
ciated behaviors: review of the current evi-
dence. The American journal of psychiatry,
160(6):1028–1040, 2003.

[102] PETER S. JENSEN, DAVID MRAZEK,
PENELOPE K. KNAPP, LAURENCE
STEINBERG, CYNTHIA PFEFFER,
JOHN SCHOWALTER, and THEODORE
SHAPIRO. Evolution and Revolution in
Child Psychiatry: ADHD as a Disorder
of Adaptation. Journal of the American
Academy of Child & Adolescent Psychiatry,
36(12):1672–1681, 1997.

[103] M W De Vries. Temperament and in-
fant mortality among the Masaii of East
Africa. American Journal of Psychiatry,
141(October):1189–1194, 1984.

[104] Jonathan Williams and Eric Taylor. The evo-
lution of hyperactivity, impulsivity and cog-
nitive diversity. Journal of The Royal Society
Interface, 3(8):399–413, 2006.

[105] Anja C. Huizink, Pascale G. Robles De Med-
ina, Eduard J.H. Mulder, Gerard H.A. Visser,
and Jan K. Buitelaar. Psychological Mea-
sures of Prenatal Stress as Predictors of In-
fant Temperament. Journal of the American
Academy of Child and Adolescent Psychiatry,
41(9):1078–1085, 2002.

[106] Ben R.H. Van Den Bergh and Alfons Mar-
coen. High antenatal maternal anxiety is
related to ADHD symptoms, externalizing
problems, and anxiety in 8- and 9-year-olds.
Child Development, 75(4):1085–1097, 2004.

[107] S. Park, J. M. Lee, J. W. Kim, D. Y.
Cho, H. J. Yun, D. H. Han, J. H. Cheong,
and B. N. Kim. Associations between sero-
tonin transporter gene (SLC6A4) methyla-
tion and clinical characteristics and cortical
thickness in children with ADHD. Psycho-
logical Medicine, 45(14):3009–3017, 2015.

[108] Nina H. van Mil, Régine P.M. Steegers-
Theunissen, Marieke I. Bouwland-Both,
Michael M.P.J. Verbiest, Jolien Rijlaarsdam,
Albert Hofman, Eric A.P. Steegers, Bas-
tiaan T. Heijmans, Vincent W.V. Jaddoe,
Frank C. Verhulst, Lisette Stolk, Paul H.C.
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