Chapter 7
Prenatal Stress and Neurodevelopmental
Plasticity: Relevance to Psychopathology
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Abstract Prenatal development constitutes a critical time for shaping adult behav-
iour and may set the stage for vulnerability to disease later in life. A wealth of infor-
mation from humans as well as from animal research has revealed that exposure to
hostile conditions during gestation may result in a series of coordinated biological
responses aimed at enhancing the probability of survival, but could also increase the
susceptibility to mental illness. Prenatal stress has been linked to abnormal cogni-
tive, behavioural and psychosocial outcomes both in animals and in humans, but the
underlying molecular and physiological mechanisms remain largely unknown. In
this chapter, we shall review experimental data from studies reported for rats, since
more information is available for them than for other species. The major focus of the
present chapter is to update and discuss data on behavioural, functional and morpho-
logical effects of prenatal stress in rats that may have counterparts in prospective
and/or retrospective studies of gestational stress in humans. This work contributes to
understanding the role of neuronal plasticity in the long-term effects of developmen-
tal adversity on brain function and its implications for vulnerability to disease.
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Introduction

As discussed in Chap. 6, preclinical and clinical studies have shown that adverse
events early in life induce profound and persistent effects on brain structure and
function, which may lead to cognitive deficits and increased incidence of psychopa-
thology later in life (Fumagalli et al. 2007). The concept of ‘developmental
programming’ was put forward in an attempt to explain the association between
environmental challenges during pregnancy, altered foetal growth and development,
and later pathophysiology. During programming, non-genetic factors such as stress
or exposure to excess glucocorticoids, the main hormonal mediator of stress, are
transmitted to the foetus and act on specific tissues during sensitive windows of
development to change developmental trajectories and thus their organisation and
function (Maccari et al. 2003; Harris and Seckl 2011). Since different cells and
tissues are sensitive to various factors at different times, the effects of adversity on
an animal’s biology will be tissue, time and challenge specific (Sandman et al. 2011;
Harris and Seckl 2011; Connors et al. 2008). It can be speculated that prenatal plas-
ticity of physiological systems is biologically adaptive, allowing environmental
factors acting on the mother or the foetus or both to alter the functions of an organ
or tissue system to prepare the unborn animal optimally for the environmental con-
ditions ex-utero (Del Giudice 2012; Maccari et al. 2003). Nevertheless, in extreme
conditions like gestational stress, offspring display short and long-term physiologi-
cal and behavioural abnormalities that increase the risk of disease. In humans, cur-
rent information available from retrospective and prospective studies has reported
that foetuses exposed to maternal stress at various times during gestation are at
greater subsequent risk for cardiovascular and metabolic disorders than species with
shorter lifespans. Such stress can result from a wide range of natural or man-made
disasters or pressures, including earthquakes, floods, freezing storms, war, terrorist
acts, chronic interpersonal tensions, or adverse conditions in the home or workplace
(Weinstock 2008). Prenatal stress during pregnancy is associated with intrauterine
growth restrictions and an increased risk of premature birth (Rondo et al. 2003), as
well as with emotional and cognitive deficits in early life. Higher incidence of
developing autism, hyperactivity and attention-deficit hyperactivity disorder were
found in prenatally stressed children (Weinstock 2008; Cottrell and Seckl 2009). In
adults, prenatal stress is linked to depression, anxiety and schizophrenia (Charil
et al. 2010; Fumagalli et al. 2007; Weinstock 2008). Studies performed on mothers
that self-reported elevated levels of anxiety during pregnancy indicated that their
infants were more irritable and showed a higher incidence of sleeping and feeding
problems than those of non-anxious mothers (Huizink et al. 2002).

By studying the effects of prenatal stress in experimental animals, one can con-
trol the timing, intensity and duration of stress exposure and evaluate the interaction
of the mother with her offspring in a controlled environment (Fumagalli et al. 2007,
Weinstock 2008). Most animal studies have been performed in rodents, for which
the most comprehensive behavioural, morphological and histological information
is available. The studies show the deleterious effects of prenatal stress on the
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offspring’s neuronal development and brain morphology, as well as changes in
cerebral asymmetry that persist into adulthood (Fride and Weinstock 1988; Barros
et al. 2006a; Adrover et al. 2007; Baier et al. 2012; Pallares et al. 2013b; Sandman
et al. 2011; Zuena et al. 2008).

Foetal development can also be compromised by factors other than prenatal
stress, including maternal malnutrition, mental illness, drugs, alcohol, viral infection,
or environmental toxins (Valenzuela et al. 2012; Sandman et al. 2011; Connors et al.
2008; Barker 1998). Nevertheless, in this chapter, we will concentrate only on some
effects of gestational stress in rats on behaviour, particularly in relation to the
possible underlying morphological and neurochemical changes in brain regions that
are involved in human disease vulnerability later in life.

Prenatal Stress Effects on Offspring Brain Plasticity
and Related Behavioural Dysfunctions in Rats

Experimental Paradigms

Animal models of prenatal stress were developed to mimic etiological features of
human diseases. Most studies with those models have exposed pregnant dams to a
stressful situation and later explored short- and long-term behavioural and molecu-
lar changes in the newborn. Numerous protocols are described in the literature,
which vary in the type of stressor applied, daily frequency, length of application,
and week of gestation chosen. The types of stressors used in rodents have been sum-
marized by Baier et al. (2012) and range from suspension, crowding, repeated tail
shocks, restraint, immobilization, and saline injections to unpredictable stress with
noise and flashing lights. According to Archer and Blackman (1971), the intensity
of the response of the mother is more important than the intensity of the stimulus.
In our laboratory, we employ a prenatal restraint stress model in which pregnant
rats are randomly assigned either to a control group that stays undisturbed through-
out the pregnancy or to the stress group. “Stressed dams” are placed individually in
a transparent plastic restrainer fitted closely to body size for 45 min three times a
day (9.00, 12.00 and 16.00 h) during the last week of gestation (i.e. from gestational
day 14 until delivery), which approximately coincides with the second trimester of
gestation in humans and is considered critical for vulnerability to psychiatric disor-
ders (Bayer et al. 1993). The restraint stress protocol is a preferred means of stress-
ing animals because it is painless, straightforward, does not involve bodily harm and
is inexpensive. Moreover, the physiological changes associated with restraint result
from the distress and aversive nature of having to remain immobile, and the changes
mainly manifest as increases in adrenocorticotropic hormone and corticosterone
(Buynitsky and Mostofsky 2009; Ward and Weisz 1984). In our hands, the intensity
and duration of the stress applied are sufficient to induce alterations in a variety of
assessed parameters, including behavioural and physiological dysfunction related to
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glutamatergic and dopaminergic system development in the offspring (Berger et al.
2002; Barros et al. 2006a, b; Adrover et al. 2007; Katunar et al. 2010; Pallares et al.
2013b). We have also observed that prenatal stress induces long-term effects on
the male offspring reproductive system and spermatogenesis development, particu-
larly by inducing a long term imbalance of circulating sexual hormone levels
(Pallares et al. 2013a).

Prenatal Stress and Behavioural Dysfunctions in Rats

The effect of prenatal stress on baseline motor activity in rodents has been regarded
as a main parameter of altered behaviour in order to evaluate coping and responsive-
ness of specific neurotransmitter pathways related to locomotion. However, the
results that have been reported are controversial, since increased, decreased and
unchanged basal motor activity have all been reported in prenatal stress animals
(Pallares et al. 2007; Koenig et al. 2005; Fumagalli et al. 2007). On the other hand,
amphetamine injection increases locomotion in prenatally stressed rats (Lehmann
et al. 2000; Koenig et al. 2005). Schizophrenic patients respond abnormally to psy-
chostimulants much as do prenatally stressed rats, suggesting that prenatal exposure
to stress might cause an enhanced responsiveness of the dopaminergic system,
which represents a core feature of schizophrenia (Fumagalli et al. 2007). In support
of this observation, our group demonstrated that basal and amphetamine-stimulated
dopamine output in the Nucleus Accumbens of adolescent and adult prenatal stress
rats is higher than in controls (Silvagni et al. 2008). In addition, schizophrenic
patients have deficits in filtering or discriminating relevant from irrelevant informa-
tion (i.e. signal to noise ratio) and the pathology is characterized by deficits in opera-
tive measures of filter ability, such as prepulse inhibition. It has been demonstrated
that exposure to chronic stress during gestation disrupts prepulse inhibition (Koenig
et al. 2005).

Despite the similarities between schizophrenia and long-lasting behavioural
effects resulting from prenatal stress, this paradigm has also been proposed as a
model of major depression. The symptoms of clinical depression in humans involve
changes in mood that cannot be assessed in animal models. Nevertheless, behav-
ioural patterns related to human depression, such as loss of active coping, social
withdrawal and anhedonia (inability to feel pleasure), can be measured under appro-
priate conditions. Prenatal stress rats and mice show increased duration of immobil-
ity in the forced swim Porsolt test when compared to rats with normal gestation
(Morley-Fletcher et al. 2003; Alonso et al. 1991). Furthermore, prenatal stress
reduces exploratory behaviour in adult animals, presumably due to decreased moti-
vation (Vallee et al. 1997), and the animals are more likely to develop anhedonia, as
indicated by a decrease in sucrose solution consumed when performing the sucrose
preference test (Sun et al. 2013).

Evidence from experimental research also demonstrates that prenatal stress
affects emotions of the offspring by increasing anxiety-like behaviour. In 1957,
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Thompson was the first to demonstrate that trauma in females during pregnancy
increased emotionality in their offspring (Thompson 1957). Anxiety state in experi-
mental animals can be measured in tests that evaluate fear-like reactions, which can
be elicited in unfamiliar open spaces like the “open field” or in the “elevated plus
maze.” Increased anxiety in both sexes of offspring of mothers subjected to unpre-
dictable noise throughout gestation were reported by Fride and Weinstock (1988)
and Vallee et al. (1997). In our hands, prenatally stressed adult rats spend more time
in the closed arms of the elevated plus maze than control arms, suggesting anxiety
(Barros et al. 2006b).

Cognitive impairment is also related to gestational stress. Chronic maternal
restraint stress slows the acquisition of spatial learning (Lemaire et al. 2000; Son
et al. 2006; Yang et al. 2006) and reduces long-term potentiation, a primary physi-
ological model of memory (Son et al. 20006) in offspring of rats and mice (see Chap.
5). The principal region for the regulation of cognition is the hippocampus, which
also has the highest density of glucocorticoid receptors. Hippocampal integrity is
essential for the development of physiological cognitive processes, including learn-
ing and memory. The cytoarchitecture of the rat hippocampus is altered by maternal
gestational stress; prenatal stress decreases the hippocampal volume of the progeny
by reducing the number of granule cells within the hippocampal dentate gyrus
(Lemaire et al. 2000) and neurogenesis in this region (Lemaire et al. 2006). By
mimicking the effects of prenatal stress through intramuscular injection of synthetic
glucocorticoids during pregnancy, Uno et al. (1994) have demonstrated a dose-
dependent degenerative change and reduction of the offspring hippocampal neu-
rons. Moreover, hippocampus is smaller in schizophrenic and depressed subjects, so
gestational stress might be etiologically relevant for the morphological changes that
contribute to cognitive deterioration in psychiatric patients (Fumagalli et al. 2007).
Furthermore, prenatal stress reduces the number of hippocampal synapses in the
CA3 area (Hayashi et al. 1998) and, as we reported in our studies, prenatal stress
induces a long term reduction in dendritic arborisation of the hippocampal CAl
region (Barros et al. 2006a; Pallares et al. 2013b).

Other brain areas that play a key role in controlling cognitive processes, such as
the amygdala and the cerebral cortex, are also reported to be affected by prenatal
stress. The amygdala is involved in mood regulation and in the mediation of emo-
tional processes of fear and anxiety. Prenatal stress diminishes the size of most of
the amygdalar nuclei, with exception of the lateral amygdalar nuclei, for which the
effects of prenatal stress on size are age-specific: during early postnatal develop-
ment a decreased volume and reduced number of neurons and glial cells are observed
in prenatally stressed rats, whereas postnatally prenatal stress increases the number
of neurons and glial cells in the same nuclei (Salm et al. 2004; Kraszpulski et al.
2006; Kawamura et al. 2006). The cerebral cortex is responsible for a variety of
higher order brain processes such as memory, planning, problem solving and voluntary
muscle movement. We found that prenatal stress alters subtypes of dopamine and
glutamate receptors in different cortical regions in males offspring (Berger et al.
2002) and that prenatal stress induces a long term reduction of dendritic arborisations
(Barros et al. 2006a; Pallares et al. 2013a). Furthermore, dendritic spine densities on
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both the apical and basal dendrites of pyramidal neurons are reduced by approxi-
mately 20% in the dorsal anterior cingulate cortex and orbitofrontal cortex for both
male and female prenatally stressed rats (Murmu et al. 20006).

Possible Mechanisms of Prenatal Stress-Related Brain
Programming

The mechanism by which the pregnant mother translates stress to the developing
brain is still a matter of debate. Nevertheless, in this chapter we present several
hypotheses that have been proposed (Fig. 7.1).

Maternal Stress Affects by Altering Blood Flow to the Placenta

Maternal stress has also been shown to constrict the placental arteries. The pla-
centa has a high number of adrenergic receptors that in presence of hormones
reduce foetal blood flow and the supply of essential nutrients and oxygen from
the uterus. Thereby, the morphology and development of the placenta is affected
as well as the foetus’ oxygenation and nutrition, inducing, for example, low birth
weight among other effects (Weinstock 2005; Charil et al. 2010). Moreover, fluc-
tuations in the oxygen availability induce oxidative stress in the placenta, increas-
ing the number of oxygen free radicals and the release of cytokines that could
also contribute to the development of neural disorders by oxidative damage
(Charil et al. 2010).

Deregulation of Neurotrophins

Neurotrophins are small polypeptides that mediate the enduring effects of perinatal
adversities on brain function by exerting a complex array of actions on various cel-
lular phenotypes. In the central nervous system, they regulate survival and matura-
tion of developing neurons including axonal growth and synaptic plasticity.
Moreover, they also modulate neurotransmitter function (Fumagalli et al. 2007).
Therefore, neurotrophins may be a route through which developmental manipula-
tion, such as stress, can alter cellular resilience and modify brain structure. In addi-
tion, interfering with neurotrophin receptor function during development determines
behavioural abnormalities such as dopaminergic hyper-responsivity and disrupted
prepulse inhibition of acoustic startle, both of which are characteristic of schizo-
phrenia (Rajakumar et al. 2004). Brain derived neurotrophic factor (BDNF) regu-
lates synaptic transmission across a broad temporal spectrum ranging from
short-term modulation, which occurs in the order of seconds to minutes, to
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Fig. 7.1 Possible mechanism linking prenatal stress with plastic changes in the developing brain.
The scheme depicts three of the possible links between prenatal stress and changes in the develop-
ing brain of the offspring, As explained in the text one of the mechanism proposed suggests that
the increase of glucocorticoids and catecholamines in the stressed pregnant dam binds to their
specific receptors in the placenta, reducing foetal blood flow, decreasing the supply of essential
nutrients and oxygen to the foetus concomitantly with oxidative damage. A second mechanism
directly relates the increase of circulating hormones in the mother to induce a dysfunctional HPA
axis in the offspring, triggering alterations in the capability to cope with a stressful event. A third
mechanism is related to changes in maternal behaviour that produces a long-term deregulation of
the functional activity of the offspring HPA axis and alterations of DNA methylation

prolonged effects that persist for many hours, such as long-term potentiation
(Fumagalli et al. 2007). Several studies have demonstrated that prenatal stress may
reduce the biosynthesis of the BDNF in the infant (Van den Hove et al. 2006) and
adult (Zuena et al. 2008; Monteleone et al. 2014) hippocampus of prenatally stressed
male rats. Moreover, the expression of the fibroblast growth factor (FGF-2), which
plays a relevant role as a neuroprotective molecule during development and adult-
hood, but is also involved in several psychiatric disorders, was found to be reduced
in prefrontal cortex of prenatal stress animals (Fumagalli et al. 2007). The reduced
expression of both trophic factors could occur as a result of perinatal stressors and
may account for the vulnerability of specific neuronal systems.
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Excess Glucocorticoids and Dysfunctional Stress Response
in the Offspring

One potential mechanism whereby prenatal stress influences foetal development is
by modifying the programming of the hypothalamic-pituitary-adrenal (HPA)
axis, a major system controlling the organism’s response to stress and regulating
certain circadian activity. Behavioural alterations induced by a dysfunctional HPA
axis (i.e. alterations in the individual capability to cope with a stressful event) show
similarities with psychiatric disorders including major depression and schizophre-
nia (Fumagalli et al. 2007). Maternal stress can affect the offspring’s stress response
later in life (Levine 1967). Moreover, prolonged restraint stress exposure in preg-
nant rats during the last week of gestation reprograms their foetal HPA axis
(Weinstock 2005, 2008): prenatally stressed rats secrete higher amounts of total-
and free basal corticosterone at the end of the light period (Koehl et al. 1997) and
exhibit prolonged elevation in plasma glucocorticoid levels following acute expo-
sure to restraint stress (Vallee et al. 1997). That both prenatal stress and prenatal
synthetic glucocorticoid exposure during the last week of gestation in rats perma-
nently diminish corticosterone receptors in the hippocampus and hypothalamus
could explain the reported imbalance in stress hormone levels during resting or even
after a stressful episode of exposure. Reduction of central glucocorticoid receptors
leads to an attenuation of the HPA axis feedback loop sensitivity (Henry et al. 1994;
Maccari et al. 1995; Welberg et al. 2000).

During pregnancy, glucocorticoids (GCs) are naturally elevated. GCs are
essential for foetal growth and induction of certain substances, such as pulmonary
surfactant. GCs are also involved in normal brain development, where they exert a
wide spectrum of effects in most regions of the developing brain, ranging from sub-
cellular re-organization to neuron-neuron and neuron-glial interactions. Since sus-
tained elevation of these hormones or their removal from the foetal brain is
detrimental to normal processes, it is not surprising that most studies agree that
glucocorticoids are the main agent conveying the effects of maternal stress to devel-
oping foetuses (Mastorci et al. 2009; Charil et al. 2010; Matthews 2001). In rats,
maturation of the HPA axis starts early in development and extends to the early
postnatal period. The glucocorticoid type II receptor (GR) mRNA can be detected
in the hippocampus, hypothalamus and pituitary from day 13 of gestation and
increases rapidly after birth (Cintra et al. 1993). The long-term effects of prenatal
stress might be the consequence of excessive exposure of the foetus to maternal
corticosterone. Such effects were shown to be prevented if the adrenal glands were
surgical removed from the dams (Barbazanges et al. 1996). Additionally, inhibition
of the enzyme 11beta-hydroxysteroid dehydrogenase type 2 (11beta-HSD2), which
rapidly inactivates glucocorticoids when passing through placenta and other foetal
tissues, induces permanent alterations of the HPA axis and increases anxiety-like
behaviour (Welberg et al. 2000) suggesting that foetal overexposure to endogenous
glucocorticoids may represent a common link between the prenatal environment
and disorders linked to adult HPA axis dysfunction.
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On the other hand, persistent effects of prenatal stress on HPA axis activity can
be simulated by experimental models of maternal deprivation from postnatal day 2
to 14 (Liu et al. 2000), or it can be reversed by early adoption (Maccari et al. 1995)
and neonatal handling (Meaney 2001), indicating that maternal behaviour may be
crucial for the long-term regulation of functional activity of their offspring’s HPA
axis. Indeed, as discussed in Chap. 6, in recent years it has been demonstrated that
the mother’s behaviour produces stable alterations of DNA methylation and chro-
matin structure in the offspring (Meaney and Szyf 2005). Offspring in high mother-
pup interactions have a reduced number of methylation of CpG dinucleotides in the
GR promoter sequence than do offspring from lower maternal care mothers. That
hypomethylation might be responsible for increased transcription of the GR gene,
providing an epigenetic mechanism by which maternal care affects the gene expres-
sion of the offspring (Weaver et al. 2004).

Overall, adverse life conditions during prenatal or early postnatal life may be
highly detrimental to the function and responsiveness of the HPA axis to stress. This
could ultimately lead to a more persistent exposure of the brain to elevated levels of
glucocorticoids that may reduce cellular resiliency and lead to damage of function
in certain brain regions (McEwen 2000).

Concluding Remarks

Prenatal stress has been linked to abnormal outcomes in rodents, non-human pri-
mates, and humans (Charil et al. 2010; Huizink et al. 2004; Weinstock 2001). The
data described in this chapter provide evidence that maternal stress at critical peri-
ods of development may alter the programming of foetal brain areas controlling and
processing important behaviours, thereby increasing susceptibility to psychopathol-
ogy. The increase in stress hormones during critical windows of brain development
is detrimental for normal neuronal differentiation and function. Depending on inten-
sity and the time of gestation the stress takes place, the behavioural effects on the
offspring range from learning and attention deficits, anxiety- and depressive-like
behaviour to abnormal stress response, among others. It is clear from animal studies
that prenatal stress affects the morphology of the offspring brains, but the mecha-
nisms that lead to these effects remain poorly understood. Nevertheless, the mater-
nal and foetal HPA axis and the placenta seem to represent the main candidates for
these mechanisms.

Asearly as 1941, Sontag (1941) drew attention to the long-lasting consequences
of gestational stress on infant development and behaviour. Extrapolation of experi-
mental research results from prenatal stress studies in animals to gestational distur-
bances in humans has been attempted. Although we are aware that direct
comparison between experimental animals and humans is a complex issue, under-
standing of brain mechanism underlying the link between prenatal stress and adult
psychopathologies still relies on animal studies. In this context, it can be specu-
lated that the impairments observed in limbic areas in animal studies after prenatal
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stress might induce behavioural effects in animals that correspond to similar effects
in human subjects. Therefore, animal studies could provide a neurochemical and
morphological basis to the observed human psychopathologies associated with
gestational stress.
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