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Maternal-fetal stressors during the gestational period, such as psychosocial stress,
disease burden, and medication use, have been shown to significantly affect the
neurological and biological development of the fetus. To our knowledge, no
previous study in the literature has synthesized the role of these various stressors
in neurodevelopment into a single concise review article. Maternal psychosocial
stress has been shown to raise levels of stress hormones, such as corticotropin-
releasing hormone and adrenocorticotropic hormone, which in turn signal the
release of glucocorticoids (eg, cortisol) along with catecholamines in the mother
and fetus. These cascades could potentially have significant effects on fetal
neurodevelopment. Further, this article highlights that certain maternal
infectious disease states, such as influenza and Toxoplasma gondii, are associated
with increased risk of psychiatric disorders among offspring, including
schizophrenia and neurocognitive delay. Investigators have also found that
antibodies from autoimmune disease have direct neurotoxic effects on neural cell
receptors, manifesting in future cognitive performance deficits. Additionally, we
note that the effects of opioid analgesics on fetal neurodevelopment are not well
elucidated but some existing literature has found increased rates of neural tube
defects and delays in central nervous system development. In summary, there is a
need for increased prenatal screening for a wide breadth of maternal stressors to
mitigate negative effects on fetal neurodevelopment.

Introduction

According to the fetal origins hypothesis, the fetal environment in utero can
influence the health of the fetus, the future baby, and even the adult.! In
this review, we investigate the roles that stressors play in neurobehavioral
development. We focus our review on the following forms of stress:
psychosocial stressors (including anxiety, depression, material hardship, and
emotional trauma), pathological stressors (including infectious and
autoimmune diseases), and pharmacological stressors (namely, the use of
opioids). Taking the fetal origins hypothesis in consideration, this review aims
to explore how a wide range of maternal stressors can impact fetal
neurodevelopment, as well as the mechanisms that govern these findings.
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Given the overwhelming evidence for the link between maternal stressors and
fetal neurodevelopment, this review also serves to emphasize the importance of
prenatal screening for such stressors.

Psychosocial Stressors

Psychosocial stress is a prevalent issue among pregnant women. One study
found that 23.6% of women experienced some level of anxiety, depression,
and/or stress in their second trimester.% As previously mentioned, it has long
been hypothesized that maternal stress can negatively impact the fetus; thus, an
investigation into the effects of psychosocial stressors on fetal development is
warranted.

Davis et al3 investigated how maternal stress affects the baby’s future ability
(postpartum) to respond to (and recover from) stress. The researchers
measured maternal cortisol levels during the late second and third trimesters
of pregnancy as a quantification of maternal stress. Then, postpartum, each
baby underwent a heel-stick blood draw 24 hours after birth, where the needle
prick itself was meant to serve as a slightly painful stressor. After subjecting
the baby to this stressor, researchers measured the baby’s cortisol response as
well as behavioral recovery time from the stress. Using growth curve analysis,
mapping maternal and fetal cortisol levels as continuous variables, they found
that higher maternal cortisol levels during pregnancy were associated with a
higher cortisol response in the baby postpartum between 21 and 35 weeks of
gestation (P < .05).3 Davis et al3 also found a prolonged recovery time from the
stressor: mothers with higher levels of perceived stress throughout pregnancy
had infants with a significantly elevated level of arousal through the recovery
period (from 13 to 35 weeks, P < .05 and between 36 and 38 weeks, P <
.10).3 In short, increased maternal stress during pregnancy was correlated with
increased stress responses in the baby postpartum.

One potential confounding variable in the aforementioned study is that
mothers who are more stressed in general may be more likely to partake in
other activities that harm the fetus, including smoking. Tobacco exposure is a
known risk factor for fetal developmental delay.4 However, a study by Rauh et
al® found that this risk was amplified if the mother also experienced “material
hardship” (ie, psychosocial stress associated with not having adequate access to
resources such as food, hygiene, and other materials). In this study, the authors
administered a self-report survey of environmental tobacco smoke exposure
and measure of material hardship. The mothers were also given air pollution
monitors to wear. Infant growth data and a scale of infant intelligence was
administered at 2 years of age to assess for neurodevelopmental delay. The
authors found that the adverse effects of environmental exposure to tobacco
was significantly greater in children born to mothers who reported greater
material hardship (P = .03), resulting in a deficit of around 7 points in the
infant intelligence survey compared with infants born to mothers who were
exposed to environmental tobacco and had less material hardship.5 In other
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words, the same “physical” stressor (tobacco and its byproducts) had worse
effects on fetal neurodevelopment when the mother’s psychosocial health was
compromised. Thus, alink is established between maternal psychosocial health
and fetal neurodevelopment. Such results should encourage physicians to not
only screen for such physical stressors (ie, tobacco and alcohol use), but also
to screen for socioeconomic status and material hardship, with the goal of
mitigating these hardships to improve the health of their future child.

Emotional trauma, such as a sudden death in the family or an unexpected
medical diagnosis, is another factor to consider when assessing the relationship
between maternal psychosocial health and fetal neurodevelopment. Khashan
et al® investigated the offspring of women who experienced emotional trauma
during (or slightly prior to) their pregnancy. In this study, mothers were said
to have experienced emotional trauma if 1 or more close relatives died or
received a diagnosis of cancer, stroke, or acute myocardial infarction up to 6
months before conception or during pregnancy. The cohort included more
than 1 million mothers and their offspring and followed up the offspring from
birth all the way through the first 10 years of life. The research suggested that
the offspring of mothers who experienced emotional trauma during the first
trimester of pregnancy were at higher risk (adjusted relative risk, 1.67 [95% ClI,
1.02-2.73]) for developing schizophrenia by their 10th year of life.6

Another source of maternal psychological stress is maltreatment in childhood.
A study by Moog et al” found that childhood maltreatment can have
prolonged consequences that can be passed on from one generation to the next.
Specifically, the researchers found that women who experienced childhood
maltreatment were significantly more likely to have offspring with decreased
intracranial volume (P = .01, adjusted P = .02) and, therefore, increased risk for
neurobehavioral abnormalities later in life.” The study effectively controlled for
confounders such as socioeconomic status, obesity, and complications during
delivery, thus supporting the notion that maternal emotional trauma is
associated with impaired neurodevelopment in utero.”

At this point, it appears that the maternal psychological state has the potential
to impact fetal neurodevelopment. However, the mechanisms by which these
phenomena occur are not as well understood. Multiple studies of the
physiology of maternal stress and its impact on fetal neurodevelopment have
focused on the hypothalamic-pituitary-adrenal axis, which is a key player in
the induction and regulation of stress.>S? During the stress response, the
hypothalamus releases corticotropin-releasing hormone, which signals the
release of adrenocorticotropic hormone from the anterior pituitary gland,
which in turn signals the release of glucocorticoids (especially cortisol) from
the adrenal gland. 10 A study by Evans et alll found that pregnant women with
both anxiety and depression had significantly higher cortisol levels compared
with those in the control group (P = .006).
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A logical question follows: How much of the maternal cortisol can actually
reach the fetal circulation? While the fetus is known to produce an enzyme
called 11-P-hydroxysteroid dehydrogenase 2 that blocks the entry of maternal
cortisol into fetal circulation, some cortisol is still able to pass through to
the fetus.1? Glover et al'? showed that mothers in the highest quartile of the
Spielberger State-Trait Anxiety Inventory had significantly elevated cortisol
levels compared with those in the lowest quartile (2 < .002). This increase in
cortisol has the potential to have lasting impacts on fetal neurodevelopment.3
Research to understand whether there is dose-dependent harm done based on
increased cortisol levels could have important clinical implications.

In addition to the hypothalamic-pituitary-adrenal axis/cortisol hypothesis,
other mechanisms have been proposed to explain the effects of maternal
psychosocial distress on fetal neurodevelopment. Rakers et all3 reported that
cortisol by itself cannot explain the breadth of effects that maternal stress has
on fetal development, and that multiple pathways are actually at play. First,
the study proposed the idea that high maternal stress would lead to high levels
of catecholamines (namely, epinephrine and norepinephrine), which would
induce vasoconstriction of the uterine artery and thus decreased perfusion
to the uterus. Second, the study proposed that maternal stress may alter the
maternal gut microbiome, which is known to play a role in early brain
development (a phenomenon known as the gut-brain axis).!3 More studies on
these alternate hypotheses are needed to paint a more comprehensive picture
of the relationship between maternal psychosocial health and early
neurodevelopment.

Pathological Stressors
Infection

Multiple research studies have elucidated the detrimental effects of in utero
infection on postpartum neurological function and anatomical development.
A retrospective case-control study found that some mental disorders may, in
part, be due to fetal exposure to infection during the second trimester in
pregnancy.14 Machén et al'* found a significant increase in the hospital
diagnosis rates for major affective disorder, specifically the unipolar forms,
for individuals exposed to the 1957 influenza epidemic during their second
trimester of fetal development compared with controls.

In addition to major affective disorder, prenatal influenza infection, caused by
a viral source, has been linked to the development of adult schizophrenia. In
a retrospective case-control study, Brown et al1> found a 7-fold increased risk
of developing schizophrenia in individuals who were exposed to viral influenza
infection in their first trimester of development Interestingly, when combined
with the results of the Machén et all% study, these data suggest that exposure
to influenza at different points in fetal development can lead to different
neurodevelopmental disorders. It is unclear whether this difference in timed
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exposure and neurodevelopmental consequences is related to the specific strain
of influenza, underlying neurodevelopmental pathophysiology, or some other
confounding effect.

Mortensen et al1€ found a moderate yet non-significant association with fungal
Toxoplasma gondii infection in utero and schizophrenia, suggesting that the
effect is not strain specific. When looking at 63 individuals who developed
schizophrenia spectrum disorders, the group’s studies revealed an increased risk
(odds ratio, 2.61 [95% CI, 1.00-6.82]) of mothers having IgG antibodies to
T gondz'z'.16 Many possible confounders exist, yet one possible explanation for
this result could be that the development of schizophrenia is, in part, due to
an inflammation-mediated process, although a 2017 genome-wide association
study suggested a 2-fold elevation in C-reactive protein level may actually be
protective against schizophrenia (0.90 [95% CI, 0.84-0.97]; P=.005).l7
Further research is needed to clarify this hypothesis.

Not only is in utero exposure to infection related to the development of
schizophrenia, but one study found a possible link between these infections
and deficits in executive function.!® The study looked at 26 people with
diagnosed schizophrenia and their “...performance on the Wisconsin Card
Sorting Test and the Trail Making Test, part B (Trails B), as well as other
measures of executive function[.]”!8 The study results showed that patients
with schizophrenia who were “...exposed in utero to infection committed
significantly more total errors on the WCST and took significantly more time
to complete the Trails B than unexposed cases.”18 Future research should aim
to identify the extent of cognitive function deficits related to exposure to
infection during gestation.

The neurodevelopmental structural consequences of prenatal infection have
been studied in the context of schizophrenia. Brain magnetic resonance images
were acquired of patients diagnosed as having schizophrenia, and the length
of the cavum septum pellucidum (CSP) was compared between patients with
and without serologically confirmed exposure to influenza in utero.l? A linear
regression was performed with CSP length as the dependent variable and the
indicator for exposed-unexposed status as a predictor variable. Using a 2-tailed
test, a statistically significant increase in mean length of the CSP was found
in schizophrenia cases exposed to in utero infection compared with those who
were unexposed.19 These data support the hypothesis that infection in utero
has direct neurodevelopmental and anatomical consequences that persist
postnatally.

Maternal Autoantibody Flares

Previous experimental and observational studies have shown a strong
correlation between maternal rheumatic diseases (as well as other autoimmune
diseases) and the development of psychiatric disorders among offspring, such
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as obsessive-compulsive disorder,20 Tourette syndrome,21 and autism

spectrum disorders (ASD).?> These findings support the fetal origins
hypothesis.

The nature of fetal immunity and acquired immunity after birth mandates that
maternal IgG antibodies cross the placenta and enter into fetal circulation.?3
Current literature suggests that among the maternal antibodies entering the
placental circulation and crossing the fetal blood-brain barrier are those that
are present during flares in autoimmune diseases.2* These autoantibodies have
been marked as the culprit for the neurotoxic basis of learning disabilities that
present in children born to mothers with autoimmune conditions.?>

ASDs have rapidly become the most common neurodevelopmental disorder,
with 1 in 88 individuals receiving a diagnosis.26 The spectral diseases have an
unknown etiology, although the role of maternal stress elucidates a fotential
molecular etiology of these and other related neurological disorders.?

The research into maternal autoantibodies and their involvement in
neuropsychological disorders, such as ASDs, was prompted by a strong
epidemiologic basis.2” One study27 demonstrated that in a given cohort of
mothers with systemic lupus erythematosus, 1 in 4 children born was found
to have a learning disability. The children were assessed based on a modified
version of the Edinburgh Hand Preference Questionnaire, as well as
standardized tests of reading, arithmetic, and writing achievement. These tests
showed that the children born to mothers with systemic lupus erythematosus
scored 1.5 SDs below the mean. This study was conclusive and emphasized
the importance of future research into decreasing the levels of maternal
autoantibodies to reduce the disease burden in the mother and prevent
cognitive impairment in the future child.2”

Observable abnormalities in murine fetal brain development were seen in a
study conducted to find evidence of the molecular maternal involvement of
lupus antibodies in cortical development in mice.2> The study observed that
mothers measured with high titers of these autoantibodies correlated with
offspring with cognitive impairment, which was quantified by histological
abnormalities in the fetal brain and diminished performance on tests. The
autoantibodies in lupus-affected mothers specifically target the N-methyl-D-
aspartate receptor; thus, the study went on to inject high levels of N-methyl-
D-aspartate receptor autoantibodies into gravid mice to measure a direct
neurotoxic effect in the fetal brains. When the mice offspring were born, they
were put through a series of controlled cognitive challenges, in which the
experimental mouse group performed significantly worse.2>

Currently, there are several potential mechanisms suggested to explain the
autoantibodies’ effects on fetal neurodevelopment. The first claims that the
antibody functions as an agonist of a receptor or signaling cascade that initiates
inflammation and hinders neurological development.26 The antibodies alone
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could also be initiating the inflammation, which negatively impacts the
developmental progress. It has also been suggested that developmental cascades
are being blocked and the target molecules are unable to function as

intended.26

What is observable, however, is a trend of high titers of antibodies inducing
progressively worse impairment in fetal neurodevelopment. Thus, maternal
autoimmune disease flares must be carefully monitored, and more research
into the exact mechanism is required to elucidate the process of antibody
effects on fetal neurodevelopment.

Pharmacological Stressors

When considering the etiology of maternal and fetal stress, many consider
traditional factors such as psychosocial factors, socioeconomic factors, chronic
disease, and nutritional status. However, the significant amount of
pharmacological development that has occurred in the past 30 years has added
a further consideration for maternal and fetal stress: drugs and medicines.

While the discovery of synthetic opioids, such as oxycodone, occurred in the
early 20th century, widespread marketing and prescription of synthetic opioids
were not prevalent in the United States until the Food and Drug
Administration approved OxyContin for analgesic use in 1995.28 Under Food
and Drug Administration guidelines, OxyContin and other opioid analgesics
were approved for use among patients with moderate to severe chronic pain,
including pregnant women. 8 In 2015, Desai et al?® investigated trends in
opioid use during pregnancy in US women. The investigators found that in the
1.1 million women enrolled in the study, 21.6% had been grescribed and filled
a prescription for an opioid analgesic during pregnancy.2 Despite high rates
of opioid analgesic use in pregnant women, the consequences of prepartum
opioid exposure for the developing fetus are currently not well elucidated. In
response to such concerns, several studies have investigated the effects of fetal
opioid exposure on neurodevelopment and future behavioral development.

During early human fetal development, the neural tube serves as the embryonic
precursor to the central nervous system (CNS), consisting of the brain and
spinal cord.30 Much of neural tube development occurs in the first month
following fertilization, including time periods in which a woman may not be
aware of the current pregnancy. 01n 2013, Yazdy et al3! investigated potential
associations between maternal opioid use during the periconceptional period
and neural tube defects in offspring. Study participants were identified from
the ongoing Slone Epidemiology Center Birth Defects Study. Two study
groups were identified for the offspring: experimental group candidates
included infants with encephalocele, anencephaly, and/or spina bifida and
control group candidates had no major malformations. The mothers of these
infants were interviewed for demographic information, relevant medical
history, social behaviors, and medication use. Subsequently, both groups were
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analyzed for distribution of opioid exposures and stratified based on
sociodemographic factors. The investigators found that the offspring of
mothers with reported opioid use had a significantly higher rate of neural
tube defects.31 Extrapolation of the data collected in this study revealed that
periconceptional opioid exposure lead to a 2.2-fold increase in neural tube
defects, with overall prevalence of 5.9 neural tube defects per 10000 live births
in mothers taking opioids.31 Overall, the findings of this study support an
association between periconceptional maternal opioid use and increased risk
of neural tube defects; however, the investigators of the study acknowledged
the inability to form a dose-dependent relationship between opioid analgesics
and rates of neural tube defects.3! The database used for data collection did
not include information regarding the dosage of the opioid analgesics that were
prescribed, nor did it include the duration of opioid analgesic use.3! Despite
the limitations, these findings are concerning and indicate the need for further
investigation of the safety of opioid analgesic use during the periconceptional

period.

One of the central dogmas of embryology is that structure and function of
a tissue or organ are often interrelated such that a defect in the structure
of a tissue often leads to functional deficits. With the understanding that
opioid analgesics have the potential to cause structural defects of the neural
tube and developing CNS, it is supposed that periconceptional opioid use will
lead to an increased risk for functional deficits of the CNS, such as cognitive
developmental delay.

While a number of studies have examined the structural and anatomical
consequences for fetuses of mothers with periconceptional opioid use, it is
also crucial to examine the effects of periconceptional opioid use on the
neurodevelopment of such offspring. In the literature, the steady-state visual
evoked potential has been used as an assay for measuring neurodevelopment
in human infants.32 This assay investigates visual evoked potentials, which
are physiological responses to visual field stimulation at specific frequencies of
light. In response to excitation from this visual stimulus, the CNS develops
electrical activity in multiples of the frequency to which the retina was
previously exposed.32 The ability to develop these visually evoked potentials
is a hallmark of neurodeveloprnent.32 In 2008, McGlone et al3? investigated
the characteristics of visual evoked potentials in infants born to mothers taking
a course of methadone for treatment of illicit opioid use. Infant participants
in the study were recruited from a subset of patients in the postnatal wards
of a number of hospitals in Glasgow, Scotland. Two groups were established
for this study: a control group of infants without methadone exposure and an
experimental group of infants with periconceptional methadone exposure.

For this study, visual evoked potentials were measured at 4 days and 1 week
following birth. In addition to neurodevelopmental data, investigators
collected demographic information, birth weight, and occipitofrontal
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circumference. The investigators found that the infants born to mothers
receiving methadone treatment had significantly lower birth weight and
occipitofrontal circumference compared with the control infants.3? In
addition, the methadone-exposed infants were found to have significantly
higher rates of visual evoked potentials with abnormal waveforms as well as
higher rates of low-amplitude visual evoked potentials.32 Such findings are
consistent with the theory that periconceptional opioid exposure is associated
with defects in visual development in infants. Overall, the literature
demonstrates that periconceptional opioid use is associated with an increased
risk for neurodevelopmental delay. While it has been shown that opioids cross
the plalcenta11 and can be detected in the umbilical cord, placenta, and
meconium, the effects of exposure to opioids on the developing human fetus
are unknown.1%30

Conclusions

The literature supports that a wide range of maternal stressors have the
potential to negatively impact the neurobehavioral development of the fetus,
the future baby, and the adult. Psychosocial stressors, including anxiety,
depression, material hardship, and emotional trauma, have been associated
with adverse neurodevelopmental outcomes. Likewise, pathological stressors,
such as infection and autoimmune disease, have been shown to have neurotoxic
effects on the developing fetus and future baby.

In addition, the use of opioids among pregnant women has been associated
with both anatomical and neurodevelopmental abnormalities. These studies
provide strong support for the fetal origins hypothesis because we see that the
uterine environment can have profound effects on the fetus and future child.
The evidence and correlations in these studies merit a greater focus on prenatal
screening for maternal stressors, including those related to psychosocial stress,
disease state, and medication use. These screening measures could lead to a
better understanding of the mechanisms that affect fetal growth. There may
be potential for preventive efforts with further screening as well as protocol
development to better manage high-risk mothers and fetuses. Further, we
found it difficult to ignore the dearth of information concerning maternal
stress during pregnancy, and we found a need to better quantify different
stressors and their nuanced degrees of severity. This would improve the
understanding of mechanisms that will elucidate connection between maternal
stress and the various neurobiologies of uterine environmental factors.

Stress on the maternal body can directly impact the fetal brain and lead to
lasting changes in its development and function. In an era where mental health
is an increasingly pressing issue, this is especially important to consider. We
emphasize that prenatal screening efforts should include a wide range of
maternal stressors, and that pregnant patients should be advised on stress
management to control for adverse neurological effects in the fetus.
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