@SCiMedCentral

Review Article

The Third Trimester Human
Fetus may be Protected
from Prenatal Stress and
Programmed Adult Mental
lliness

George T. Taylor'?, Jacob Huffman! and Francesca Manzellal**

!Department of Psychological Sciences, University of Missouri - St. Louis, USA
2Interfakultare Biomedical research institute, University of Heidelberg, Germany
3Department of Psychiatry, Washington University Medical School, USA

Abstract

Annals of Psychiatry and Mental Health

*Corresponding author

Francesca Manzella, Department of Behavioral
Neuroscience/ Psychological Sciences, Missouri — St.
Louis One University, Blvd St. Louis, MO 63121 USA, Fax:
314-516-5392; Email: frnmf47@mail.umsl.edu

Submitted: 20 February 2016
Accepted: 17 March 2016
Published: 19 March 2016
Copyright © 2016 Manzella et al.

ISSN: 2374-0124

Keywords

¢ Physiological stressors

* Psychosocial stressors

* Placenta

* Fetal HPA

* Corticosteroids

¢ 11B-Hydroxysteroid dehydrogenase
* Third trimester

There is evidence, primarily from animal models, that fetal exposure to drugs, endotoxins and

infectious agents acting as physiological stressors lead to atypical adult behaviors. Maternal restraint
and other “psychosocial” stressors also have been shown to induce aberrant behavioral phenotypes in
the adult offspring. Translation to humans is supported by retrospective and prospective studies revealing
increased risk of psychopathology in the adult children of women exposed to war, bereavement or other
cognitively perceived stressors during their pregnancies, especially during the first and second trimesters.
The presumed mechanism is the excess levels of corticosteroids from stressed mothers entering fetal
circulation, binding the glucocorticoid receptor and promoting neural changes underlying psychiatric
diseases. Collectively, the data support a fetal programming disease model that perinatal insults,
including maternal stress, can predispose the individual to develop adult pathology, including mental
illness. We propose that the animal findings of prenatal, psychosocial stress are best applied to the first
and second trimester human fetus. Findings in the literature are highlighted to support our contention that
the third trimester human fetus has evolved unique mechanisms that largely protect the fetus, rendering
it resilient to maternal stress. The third trimester fetus is unlikely to experience later psychopathology
from maternal exposure to psychosocial stress, thus limiting the reach of the fetal programming disease

model.

INTRODUCTION

A ubiquitous concept in psychiatry recently is that maternal
stress during pregnancy can modify the fetal human brain for
later development of mental illness [1,2]. Most commonly, the
mechanism is thought to be the role of excess glucocorticoids
promoting low fetal growth and disrupting brain development
[3]. The concept has been formalized as the fetal stress-
programming model of adult disease. The tacit assumption is
that exposure to prenatal stress raises the general susceptibility
to psychopathology rather than directly inducing a specific form
of psychopathology [4,5].

There are, however, reasons to question a broad application
of the programming model. The literature often mixes
psychosocial sources of stress during pregnancy with exposure
to physiological stimuli. Many of the relevant review papers

jump seamlessly between results with animal models and human
fetuses as if species and timing of exposure were irrelevant [6].
Physiological stressor such as poor nutrition, oxidative stress,
hypoxia, immune disturbances, endotoxins, exogenous hormones
and drugs can have profound influences on fetal development [7-
9].

But, can subjective, psychosocial stress to the pregnant
female create similar damage in a fetus? There are empirical [10]
and conceptual [11] reasons to believe that exposure to objective,
physiological stressors differs from emotional distress. The latter
release lesser amounts of stress hormone and are less disruptive
to normal functions [12]. This review proposes limitations on
the capacity of psychosocial stressors to program the CNS for
later psychiatric disorders. We will demonstrate that the third
trimester human fetus has evolved features independent of
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maternal systems. The result is protection from many of the
stressful agents to which the mother is exposed.

A critique of the prenatal psychosocial stress-
programming model

Responses to psychological stressors such as job loss, divorce
or bereavement, of course, are also physiologically based. Yet,
psychosocial stressors can be distinguished as being subjective,
cognitively perceived stimuli by an individual that activates the
hypothalamic -pituitary - adrenal (HPA) axis and sympathetic
adrenomedullary (SAM) system [13,14].

The programming concept places greater burden on the
HPA axis. Maternal responses to physiological or psychosocial
stressors during sensitive periods of fetal development are
proposed to expose the fetus to excess glucocorticoids (CORT),
i.e. cortisol in primates and corticosterone in rodents [1,15]. The
emphasis on excessive CORT recognizes that glucocorticoids are
necessary for the fetus. Typical hormone levels in the fetus serve
as a developmental switch, driving changes in gene regulation
for normal growth and differentiation of tissues and organs,
including the fetal brain [16]. However, excessive quantities of
CORT, either by physiological stressors or direct administration
of CORT or metabolic inhibitors to pregnant experimental
animals, increase the risk of aberrant behaviors in the offspring
as adults [17, 18]. It is notable that experiments administering
CORT most often use synthetic forms of the hormone. Similar
findings are reported in children and young adults whose
mothers were prescribed synthetic glucocorticoids during
pregnancy [19]. This is important because the fetal rat or human
responses to endogenous CORT are very different from responses
to exogenous, synthetic glucocorticoids.

There is evidence pointing to arelation between psychological
events in women and neural dysfunction and problem behaviors
in the child, adolescent or adult [13,20]. An example is a study
of large numbers of adult children of Danish women who had
experienced the death of a close relative during pregnancy [21].
The researchers found an increase in diagnoses of schizophrenia
in the offspring. Importantly for this review, the relation was
statistically significant only for maternal stress occurring during
the first trimester. There was no relation when the psychosocial
stressor occurred later in pregnancy, particularly during the
third trimester. Other studies have confirmed that the link of
maternal emotional distress to offspring psychiatric disorders is
most clearly observed during early pregnancy [22,23].

Those human reports suffer from 1) reliance on retrospective
measures, 2) failure to distinguish between prenatal and postnatal
influences or 3) ignoring the likelihood a postnatal environment
would reflect prenatal conditions [24,25]. The better, prospective
studies [26] have other flaws including questionable assumptions
related to the emotional states of the mother and status of the
placenta. In one example, authors reached the conclusion that
maternal anxiety suppressed enzymatic metabolism in the
placenta. This was based on a single assessment of anxiety of
the mother on the day before scheduled caesarian surgery and
measurement of steroid enzymatic levels in the placenta after
delivery [27]. Limitations on studying the human fetus and
placenta has led to most of the work on the programming model
being done with animal models, mostly rodents [28,29].

Two experiments from different animal laboratories
illustrate this research. In both, pregnant rats were restrained
repeatedly during the last week of gestation. Long-term brain
changes were reported in the adult male offspring with increased
glutamate NMDA receptors in prefrontal cortex, hippocampus
and ventral striatum [30]. To control for intervening postnatal
influences on adult NMDA receptors, Tavassoli and colleagues
[31] sacrificed pups from stressed dams on different postnatal
days (PND 2,6 or 15). Prenatally stressed males had elevated
circulating corticosterone and increased expression of NMDA
receptors in the right hemisphere. Collectively, the conclusion of
the experiments was to point to a possible link between prenatal
stress, glutamate and psychosis in humans [31]. Interestingly,
there also were sex differences in prenatal influences that are
often reported in the animal literature [32,33]. Specifically,
female offspring experienced little of the neural changes found in
the males. Few human researchers have attempted to distinguish
sex differences in psychiatric outcomes with prenatal stress.

In summary, it is noteworthy that most of the evidence for
prenatal programming by maternal stress is from rodent models.
Rodent placenta and fetuses are comparable to the human fetus
early in pregnancy. Data from prenatal rats and mice are, thus,
likely an acceptable model for the first and second trimester
human fetus [34,35]. The third trimester human (3"TH) fetus
may be a quite different organism [36].

Uniqueness of the third trimester human fetus

Rodent neonates as an extension of fetal life: Humans
belong to the group of animals that are incapable of independent
survival at birth. The term used is altricial [37]. Degree of
dependence on the mother differs among altricial species, and
rodents are particularly altricial. Brains of primates & humans
are more mature at birth than neonatal rodents [19]. The prenatal
and immediate postnatal rodent, consequently, is comparable to
the early human fetus. The level of maturity of the postnatal day
1-10 rat is more akin to the 3"TH fetus [38,39].

Sapolsky and Meaney [40] decades ago identified a stress
nonresponsive period (SNRP) in neonatal rodents, suggesting a
hyposensitive HPA axis. The SNRP was reported to persist from
soon after birth to the second week of life, postnatal days 2-12.
Later [41], there were reports that the SNRP is most applicable
to pituitary - adrenal relations, thus applying primarily to CORT
secretions.

Is it possible that the human fetus is similarly hyporesponsive
to the CORT release to stress during the 3™ trimester? Some
researchers believe the answer is yes. Mellor et al, [42] make
an excellent case that the fetus is unconscious and unable to
perceive pain. The authors concluded that there is no direct
evidence that cortical or subcortical responses by the 3 TH
fetus to presumably painful stressors can alone cause long-term
adverse outcomes.

The Late Human Fetus

Our contention is that human fetuses in the first and second
trimesters are more similar to the fetuses of experimental
animals, including rats and mice. In that case, the data from
animal models are more informative for early pregnancy
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Figure 1 Representation of the third trimester fetus and the hormone flux from the placenta to fetal circulation (red arrow), placenta to the
maternal circulation (blue arrow) and reciprocal exchanges (orange arrow). Green arrows indicate metabolic processes in the fetus and subsequent
interactions with the placenta. (+) represents the addition of a substrate to the target region, while (-) indicates a reduction in synthesis.

while the 3" TH fetus is unique and uniquely protected from
maternal stress and excess CORT. Studies frequently cited in
the programmed stress literature are of the relation between
maternal bereavement stress and the risk for developing
schizophrenia [21,43,44]. In each of those reports, it is only the
first or second trimester fetus that is found to be at a higher risk
for psychiatric disease. Thus, those data are consistent with the
findings of antenatal programming in the rodent animal model. It
is important to recognize that the fetus is an individual organism,
only genetically similar but not identical to the mother. Although
highly dependent upon the mother, it is intuitive that the fetus
would have evolved independent survival mechanisms. The
3"TH fetus is testament to the evolution of survival mechanisms
that differ between mother and fetus. An example is that basic
neurophysiology differs between the 3"TH fetus and the human
neonate. The neurotransmitter GABA is the major inhibitory
transmitter with the other amino acid, glutamate serving as the
main excitatory transmitter in adulthood. In the fetus, GABA ergic
neurons and synapses are excitatory and a principal source of
neuronal activity. At parturition with enhanced maternal oxytocin
levels, there is an abrupt change so that the hyperpolarizing
action of GABA protects embryonic neurons from anoxic insults
[45]. There are many other examples of the unique physiology
of the 3"TH fetus. Most are clearly designed to protect the fetus
from insult and prepare for a healthy parturition and postnatal
life. The first-line of defense is provided by the placenta, and by

the third trimester, the placenta is well positioned to protect the
fetus.

Placenta

The placenta is a lipid-soluble barrier that plays a crucial
role in monitoring and controlling nutrient absorption, waste
elimination, and gas exchange between the mother and the fetus.
By the end of the first trimester, the placenta has established
functional units or cotyledons. Cotyledons are the primary area
of exchange between the maternal and fetal systems. Like other
biological lipid-soluble membranes, the placenta is selectively
permeable and serves as a barrier to various substances in the
maternal bloodstream. However, the placenta readily transfers
lipophilic steroids such as CORT from maternal and fetal
circulation, but also from fetus to maternal circulation [46].

These features help define the placenta as an endocrine
and immune organ. However, it is an organ more genetically
compatible with the fetus than with the mother. The role of the
placenta is primarily to serve the developmental needs of the
fetus. An anthropomorphic interpretation is that the placenta is
focused on the fetus and interested in the welfare of the mother
only to the extent that she can enhance fetal viability. As an
example, the human placenta physically embeds itself into the
uterine wall, causing what has been described as a significant
wound to the uterus [36]. The maternal immune system reacts to
the insult, and the woman may feel ill during the early weeks of
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pregnancy. Once the wound has healed, the mother is now able to
provide the nutritional needs for the fast-growing fetus [47]. The
third trimester is characterized by the mother, placenta and fetus
in a symbiotic relation. Although the singular goal of all three is
an uneventful birth of a healthy neonate, the fetus has more to
lose. The placental - fetal relation is unique.

Continuing the anthropomorphic perspective, the eye of the
placenta is firmly on healthy fetal development even when it is
detrimental to the mother [48]. Fetal leukocytes can leak into the
maternal bloodstream causing her immune system to react to
paternal antigens. The high rates of depression in pregnancy may
have its genesis, in part, from placental synthesis of monoamines,
proteins and HPA hormones underlying mood [26].

More often, it is clear that the placenta and fetus are active
partners in contributing to the health of the mother during
pregnancy progression. Trophoblasts, the cellular unit of the
placenta, produce substances that influence the maternal
immune system for the purposes of maintaining and guarding the
pregnancy [47,49]. At the same time, the 3"TH fetus synthesizes
an immunoglobulin (IgG) receptor that allows the placenta to
transfer maternal IgG to the fetus. Indeed, at birth the neonate
has higher levels of immunoglobulin than the mother. Finally,
the placenta helps down-regulate the autoimmune sensitivity
of the maternal immune system that could induce rejection of
the fetus. The 3"TH placenta uses the prodigious amounts of
DHEA, a precursor of sex steroids, released from the fetal adrenal
glands to synthesize estrogens. The extraordinarily high levels of
estradiol in a pregnant woman come almost exclusively from the
placenta. Her ovaries synthesize little estrogen [47].

Throughout most of a normal gestation, the placenta
also produces large amounts of progesterone. The hormone
restrains the adaptive immune system responses that would
identify the fetus as an antigen and risk rejection [49].
Progressively increasing amounts of progesterone in maternal
and fetal circulation also ensure high levels of the progesterone
metabolite, allopregnanolone. Allopregnanolone protects
the fetus from harmful levels of maternal glucocorticoids. In
addition, allopregnanolone plays other roles in development
and neuroprotection of the fetal brain, e.g., helping regulate the
release of oxytocin and prevent preterm delivery [50]. Obstetric
medicine takes advantage of that feature and uses exogenous
progesterone to prevent preterm births. In a study of pregnant
women administered synthetic progesterone [51], markedly
lower levels of the drug were found in umbilical cord fluid than
in maternal circulation. The authors suggested it is possible the
placenta is particularly effective in metabolizing the steroid.
Alternatively, they propose another mechanism that is likely at
work with other steroids, efflux transporters in the placental
returning hormone to maternal circulation [52].

Finally, a critical function of the placenta is to protect the
fetus from excess levels of CORT. The main mechanism is the
enzyme 11B-hydroxysteroid dehydrogenase (11B-HSD2).
There are large quantities of the enzyme in the placenta to
metabolically convert high levels of cortisol from the mother’s
circulation to an inactive form before being delivered to the
fetus [53]. Other placental steroidal metabolizing enzymes in
the 3"TH fetus may also contribute to decrease the level of fetal

CORT [54], but clearly 113-HSD2 is primary. There are several
fine reviews of the 113-HSD2 [55,56], and we will only note a
few features of the enzyme in the placenta. Most important is
that 113-HSD2 metabolizes the endogenous CORT to biologically
weak metabolites. However, it is metabolically ineffective with
synthetic analogs of CORT. Dexamethasone, prednisone or
betamethasone pass the placenta with ease, dramatically raising
the levels of CORT in the fetus [57].

The effectiveness of 11B-HSD2 is illustrated in titers of
endogenous CORT being double or more in maternal circulation
than the levels in the fetus. It is notable that the activity of the
enzyme changes during pregnancy with greater metabolic
activity during the third trimester [58]. Reports in the literature
have indicated reductions or disruptions to 11(3-HSD2 in the fetus
to psychosocial maternal stress [59]. These studies are generally
with rodents that generalize better to human fetuses during early
pregnancy than to the 3"TH fetus.

Along with the placenta and its 113-HSD2 enzyme, the fetal
HPA helps control excess CORT in the 3"TH fetus. Most of the
CORT found in fetal circulation during the first half of pregnancy
is from the mother. By the onset of the third trimester, the fetal
HPA decreases its release of CRH and adrenocorticotropin
hormone (ACTH) in response to negative feedback mechanisms
that are now beginning to develop. The 3"TH fetus also controls
bioactivities of excess CORT by synthesizing receptors for
glucocorticoids (GR) and mineralocorticoids (MR). The two
receptors work in tandem in that the higher affinity of the MR
binds much of the excess CORT, preventing binding with the GR
that can be detrimental.

Progesterone can bind and antagonize the GR. Placental
11B-HSD2 may regulate competition of progesterone-
glucocorticoid GR receptor and modify activity of both steroids
in the placenta and fetus [60]. Because the fetal programming
model of mental illness focuses on CORT as the mechanism, it is
of special interest to consider the 3"TH fetus capacity to oppose
excess levels of CORT. Along with the placenta, development of
the HPA during the third trimester is a key.

The Fetal HPA

Another unique feature of the 3"TH fetus is a prenatal
adrenal gland that is structurally and functionally unlike the
postnatal adrenal. The adult adrenal cortex is comprised of three
zones that synthesizes androgen precursors such as DHEA (zona
reticularis), mineralocorticoids (zona glomerulus) and CORT
(zona fascicularis). The fetal adrenal is much larger relative to
body size and is comprised of a neocortex that will become those
zones and a significantly larger, unique “fetal zone.” Soon after
birth, the fetal zone undergoes involution while the neocortex
differentiates into the adult three zones [61].

The fetal zone is a highly active endocrine gland synthesizing
large amounts of DHEA. Indeed, only in humans and a few
primates do the fetal or adult adrenals secrete much DHEA and its
sulfate DHEAS [62,63]. In the human fetus, the placenta converts
DHEA into estrogens via the aromatase enzyme that is shuttled
into fetal and maternal circulation. The rodent placenta lacks
aromatase and all estrogen is from the mother [63]. Also different
from the rodent placenta in which progesterone and estrogen are
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inversely related, both hormones remain high during pregnancy
in humans [64].

The 3"TH fetus has an extraordinary capacity to respond to
emergency conditions occurring during development. This can be
observed in the development of the HPA and factors in perirenal
adipose tissue in response, for instance, to hypoxia. Both
maturational changes in the 3"TH serve the same role, providing
the fetus with the means to respond to intrauterine hypoxia and
other stressors from either physiological or psychosocial sources
[65].

Yet another unique feature of the 3"TH fetus is the
development of a functional HPA axis. But, the 3"TH HPA behaves
differently than the adult HPA [64]. The placenta synthesizes
CRH to be released into maternal and fetal circulation. Unique
to humans and a few great apes, the levels of CRH increase
progressively from mid-pregnancy until parturition. Placental
CRH is as biologically active in the fetal HPA as CRH produced
by the adult hypothalamus. Placental CRH stimulates ACTH
production and release from the fetal pituitary and, subsequently,
synthesis of CORT [66]. Placental CRH thereby provides a
means for the fetus to regulate its own pituitary-adrenal axis
independent of hypothalamic CRH, and thus exercises control of
CORT levels in fetal circulation [36].

In addition, the fetal CRH forms a positive feedback loop
with the placenta producing increasing amounts of DHEA and,
thus, estrogen. Indeed, the maturing 3"TH fetal HPA has a
unique function to regulate the amounts of various hormones to
maintain the fetus until term and, likely, also plays an important
part in determining parturition.

CONCLUSION

There is little doubt that the experiences of the fetus can
have a lasting impact on the individual as an adult. We have no
quarrel with physiological stressors such as drugs, infection
or toxins having the capacity to program expression of the
genotype, revealing itself as an adult phenotype. All too often,
the individual is programmed for adult pathology, including
psychopathology. However, we have questioned the capacity of
psychosocial stressors to do the same. We also acknowledged
that the mother and fetus are in a symbiotic relation beneficial to
both. However, many authors place sole emphasis on the mother.
Such an emphasis underestimates the role played by remarkable
placental - fetal interactions that protect the fetus, especially the
third trimester human fetus.

Our emphasis on the 3"TH fetus does not diminish the
importance of data from animal models. It is only that findings
with animal models best apply to the initial two trimesters
of the human fetus. Similar to laboratory animals, those early
phases of fetal development are particularly vulnerable to
outside influences. By the third trimester, the fetus possesses
unique mechanisms that allow it to resist physiological changes
that would lead to neurological and peripheral injury or death
[67]. We contend this resistance applies particularly to excess
maternal corticosteroids from psychosocial stress programming
of later mental illnesses.
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