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Abstract

Purpose of Review—Disruptions in fetal development (via genetic and environmental
pathways) have been consistently associated with risk for schizophrenia in a variety of studies.
Although multiple obstetric complications (OCs) have been linked to schizophrenia, this review
will discuss emerging evidence supporting the role of prenatal maternal stress (PNMS) in the
etiology of schizophrenia spectrum disorders (SSD). In addition, findings linking PNMS to
intermediate phenotypes of the disorder, such as OCs and premorbid cognitive, behavioral, and
motor deficits, will be reviewed. Maternal immune and endocrine dysregulation will also be
explored as potential mechanisms by which PNMS confers risk for SSD.

Recent Findings—PNMS has been linked to offspring SSD; however, findings are mixed due to
inconsistent and retrospective assessments of PNMS and lack of specificity about SSD outcomes.
PNMS is also associated with various intermediate phenotypes of SSD (e.g., prenatal infection/
inflammation, decreased fetal growth, hypoxia-related OCs). Recent studies continue to elucidate
the impact of PNMS while considering the moderating roles of fetal sex and stress timing, but it is
still unclear which aspects of PNMS (e.qg., type, timing) confer risk for SSD specifically.

Summary—PNMS increases risk for SSD, but only in a small portion of fetuses exposed to
PNMS. Fetal sex, genetics, and other environmental factors, as well as additional pre- and
postnatal insults, likely contribute to the PNMS-SSD association. Longitudinal birth cohort studies
are needed to prospectively illuminate the mechanisms that account for the variability in outcomes
following PNMS.
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Introduction

Schizophrenia spectrum disorders (SSD) are considered neurodevelopmental disorders
marked by positive (hallucinations and delusions) and negative (volitional and expressive
deficits) symptoms [1-3]. They occur in about 1% of the population and are more common
in males [4, 5]. Although genetic factors clearly play a role in the etiology of the disorder,
with concordance rates between monozygotic twins at approximately 50%, environmental
factors also are involved [6]. Obstetric complications (OCs) have been among the most well-
replicated environmental risk factors for SSD, with one OC, fetal hypoxia, occurring in
approximately 20-30% of cases who develop schizophrenia [7, 8]. A variety of other OCs
have been linked to schizophrenia risk, such as prenatal infection, preeclampsia, and
decreased fetal growth [9, 10<]. Importantly, one OC, prenatal maternal stress (PNMS),
appears to also increase risk for a range of prenatal insults and premorbid disruptions linked
to schizophrenia [7e, 11e°]. Hence, it is critical to understand how PNMS operates within the
course of SSD.

This review will explore human literature linking PNMS to risk for SSD in offspring, as well
as intermediate phenotypes for SSD such as OCs and premorbid deficits. Furthermore, this
paper will examine potential mechanistic underpinnings of the relationship between PNMS
and the developmental cascade of risk to SSD including maternal activation of
glucocorticoids and inflammation. Emphasis will also be given to how fetal sex and stress
timing may moderate the relationship between PNMS and SSD outcomes.

Ecologic Studies of PNMS and SSD

Ecologic studies were among the first to associate prenatal incidence of a number of severe
stressors, including warfare [12, 13], famine [14, 15], and natural disaster [16], with SSD
outcomes in offspring. Loss or severe illness of a spouse during pregnancy has also been
associated with offspring SSD outcomes [17, 18]; however, findings are inconsistent with
respect to timing of exposure [19, 20]. One particular study identified increased risk for SSD
following parental, sibling, or spousal loss during only the postnatal period [19], whereas
other studies have identified increased SSD risk related to losses in the first trimester [18] or
mid to late pregnancy [17]. Recent research from Israeli national registries has investigated
the impact of genocide and terrorism on offspring risk for psychotic disorders. Offspring of
mothers living in Holocaust-affected countries had significantly increased risk for
schizophrenia [21, 22], and worsened course for the disorder [23] compared to offspring of
mothers who had already immigrated to Israel prior to the Holocaust but likely still had ties
to friends and family in affected countries. Offspring of mothers living in Holocaust-affected
countries during their pregnancy and postnatally also had increased risk [22]. Greater risk
for SSD in offspring was also observed in mothers who witnessed a terror attack in Israel
within 270 days prior to birth [24].

Incidence of population-level traumatic life events provides a unique opportunity to examine
the impact of PNMS on offspring; however, incidence of such extreme stressors is quite low
and lacks generalizability to the experience of most pregnant women. Also, many of these
studies fail to examine subjective response to these stressors, which may contribute to
inconsistent findings. Furthermore, there are confounding environmental insults resulting
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from such adversities that can also confer mental health risk on offspring, such as
malnutrition [25, 26] or exposure to environmental contaminants [27, 28]. Finally, there is
evidence that maternal lifetime trauma, such as adverse childhood experiences, may impact
the mother’s response to stress during pregnancy [29]. As such, examinations of the timing
of stressors during the pregnancy may not be as impactful as examining the chronicity and
severity of perceived stress.

The impact of less severe prenatal stressors on offspring outcomes of SSD has also been
explored. Unwanted pregnancy can be considered a stressful life event and maternal
unwantedness of pregnancy has been linked to increased risk of SSD among offspring [30,
31]. Another study found an association between unwantedness of pregnancy and risk of
SSD, but the association failed to reach significance (p = .06), though the magnitude of the
relationship was similar to other reports [32]. Paternal wantedness and concordance of
wantedness between partners has not yet been explored with respect to offspring SSD
outcomes and remains an area for future study.

Individual-Level Prenatal Stressors and SSD

A handful of studies have examined individual reports of PNMS with respect to offspring
SSD outcomes using varying methodologies and both subjective (e.g., perceived stress) and
objective (e.g., incidence of stressful life events) exposures. In one of the Prenatal
Determinants of Schizophrenia (PDS) studies, various life stressors, including traumatic life
events, daily life stress, and subjective reports of stress, including pregnancy-specific
anxiety, were qualitatively coded from open-ended interviews completed in the second
trimester [33e¢]. Daily life stress (e.g., chronic illness of a family member, financial stress)
was associated with increased risk for SSD only in male offspring (OR = 2.091) [33e°].
Alternatively, findings from the Helsinki Longitudinal Temperament Cohort observed no
significant association between subjective PNMS and offspring psychosis [34¢]. Mothers
were asked “have you been mentally stressed?” and responded on a Likert scale every 2-3
weeks. The modal PNMS score was used as the predictor variable, perhaps washing out
timing effects of PNMS. Additionally, among participants in the Avon Longitudinal Study of
Parents and Children (ALSPAC) cohort, there was only a weak association between PNMS,
measured by a life events questionnaire, and childhood psychotic symptoms at age 12 [35].
The weak association may result from low base rates of childhood psychosis. Additionally,
this study cites their life events questionnaire as a potential limitation. Specific events (e.g.,
suicide attempts, medical events) were included that also impact the fetus beyond the
psychosocial stress imposed. Finally, a 2019 study of an Italian psychiatric sample did find a
significant relationship between PNMS and SSD when assessing stress by tallying the
incidence of stressful life events (e.g., job change, loss of loved one) [36]. Mothers of these
participants (mean age = 39.5) retrospectively reported on PNMS during their pregnancies,
which may impact the validity of these results [37]. The impact of fetal sex was not
examined in either of these studies. Variability in assessment of stress [e.g., perceived stress
(subjective), life events (objective)], timing of assessment (for both PNMS and SSD
outcomes), lack of examination of important moderators (e.g., fetal sex), and type of
outcome [e.g., SSD, schizophrenia, psychosis (affective or non-affective)] may account for
inconsistency in findings.
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PNMS and OCs

Additional support for the role of PNMS in the etiology of SSD comes from studies that link
PNMS to a range of OCs previously associated with SSD. As highlighted below, PNMS has
been associated with increases in prenatal inflammation and infection, fetal hypoxia,
decreased fetal growth, and adverse health behaviors, which are all OCs that have been
linked to SSD. Although there is a paucity of data examining PNMS in conjunction with
these OCs in schizophrenia studies, we will delineate evidence that supports the plausible
role of PNMS in increasing risk for a range of OCs associated with SSD.

Infection and Inflammation

Prenatal exposure to an array of infections, including influenza, has repeatedly been
demonstrated to increase risk for SSD in offspring [38, 39]. Observational and experimental
studies have revealed that a variety of stressors and perceived stress increase susceptibility to
many infections and immune dysfunction in non-pregnant samples [40-42]. Similarly, in
pregnant samples, PNMS has been linked to elevations in inflammatory markers [43, 44]
and increased susceptibility to infection [45]. A rodent study identified that those exposed to
PNMS had increased levels of proinflammatory cytokines in the placenta, which were then
suppressed when the rodents were given an anti-inflammatory agent, but only in the males
[46]. This study suggests inflammation in the placenta may contribute to sex differences
observed in offspring following PNMS [47]. Moreover, we previously found that prenatal
infection during the second trimester was associated with offspring depressive symptoms
only if the mother also reported daily life stress [48]. These findings cumulatively support
the possibility that PNMS may not only increase the likelihood of getting an infection, but
also increase the vulnerability of the fetus to the damaging effects of the infection,
subsequently increasing the possibility of neurodevelopmental sequelae.

Importantly, not all infections are able to pass through the placenta to reach the fetus, so
other mechanisms have been examined as a means for transmission of risk for offspring SSD
[10e, 49]. Proinflammatory cytokines are signaling proteins that become elevated in a variety
of circumstances, including infectious threat [50] and stress [43, 44], that are indicators of
the body’s inflammatory response; elevations in maternal inflammation have been associated
with increased risk of SSD [51, 52, 53¢]. Specifically, several studies have identified an
association between elevations in certain cytokines and diagnostic outcomes of SSD in
offspring. Elevated interleukin-8 in the second trimester [51], tumor necrosis factor-a at
childbirth [54], and C-reactive protein in early pregnancy [55] were associated with
schizophrenia outcomes in separate pregnancy cohorts. A recent study of mid-aged offspring
from the Boston and Providence sites of the Collaborative Perinatal Cohort (CPP), also
known as the New England Family Study (NEFS), demonstrated that elevated interleukin-6
early in the third trimester was associated with increased risk for SSD in male offspring [52].
Another study from the Collaborative Perinatal Project (NCPP) found elevated levels of anti-
inflammatory cytokines at childbirth may be protective against SSD, but found no
association between elevated proinflammatory cytokines and incidence of SSD [56]. These
findings indicate that elevations in maternal cytokines during various points in the pregnancy
may impact risk for SSD; however, findings are still inconsistent and must be carefully
considered within the scope of the complicated inflammatory milieu of a pregnant woman.
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Emerging evidence also shows that the gut microbiome may contribute to PNMS-immune
associations. Specifically, one study prospectively showed that PNMS and elevations in
maternal cortisol in the third trimester were related to alterations in the infant gut
microbiome in days following childbirth [57]. Another study found that maternal early
childhood stress is related to changes in the gut microbiome during pregnancy that were
linked to elevations in cortisol and cytokines in response to a laboratory stressor,
demonstrating the relationship between the maternal microbiome and stress response [29].
Hence, examination of the maternal microbiome with respect to both PNMS and maternal
infection/inflammation may be another important piece in understanding risk for SSD
following PNMS.

Hypoxia-Related OCs

Fetal hypoxia, or deprivation of oxygen to the fetus, is a by product of many maternal health
conditions linked to incidence of SSD, such as preeclampsia [36, 58, 59]. It is possible that
hypoxia may be a mechanism by which PNMS threatens fetal development. For example,
incidence of preeclampsia has been associated with PNMS [60ee, 61]. A relationship
between PNMS and maternal biomarkers of stress (e.g., cortisol and corticotropin-releasing
hormone) late in pregnancy with impaired placental blood flow has also been identified,
although results are inconsistent [62—-65]. Thus, hypoxia-related OCs may be related, in part,
to PNMS, but the evidence is still unclear.

Fetal Growth

A variety of studies have found that decreased fetal growth and low birth weight (LBW) are
associated with increased risk of SSD [9, 66]; however, findings have been somewhat mixed,
potentially due to variability in the prevalence of prenatal exposures that affect fetal growth
[67, 68]. In our previous study, we found that only infants who later developed
schizophrenia and were exposed to OCs (fetal hypoxia and/or maternal influenza during
pregnancy) exhibited decreased fetal growth, suggesting that liability associated with
schizophrenia rendered fetuses more susceptible to OCs [67]. These findings are of
particular relevance to the role PNMS in risk for offspring SSD, because multiple studies
have demonstrated that elevated prenatal maternal cortisol, PNMS, and exposure to
traumatic life events are associated with decreases in fetal growth, especially among male
fetuses [69-71]. Moreover, a recent study from Ellman and colleagues [72] shows that
elevated prenatal maternal cortisol levels do not directly predict SSD but, instead, predict
decreases in fetal growth among infants who later develop SSD. This relationship was
observed only in male offspring who developed SSD, consistent with prior findings [73].
Therefore, PNMS and its biological correlates (e.g., increases in cortisol) may be associated
with intermediate phenotypes found in the course of SSD. These findings also suggest that
infant sex and liability associated with schizophrenia could contribute to increased fetal
vulnerability when exposed to OCs such as PNMS.

Maternal Health Behaviors

PNMS may also threaten maternal health by promoting engagement in adverse health
behaviors, such as caffeine use, smoking, and disruptions in sleep, and decreasing
engagement in positive behaviors, like vitamin use and exercise [74, 75]. Some of these
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health-impairing behaviors have been linked to OCs and other intermediate phenotypes of
SSD. For example, smoking during pregnancy has been associated with LBW [76] as well as
offspring diagnostic SSD outcomes [77, 78]. Similarly, sleep disruptions have been
consistently linked with stress and increases in inflammation [79]. Furthermore,
interpersonal stress and discordance in health behaviors between parents in the prenatal
period have been demonstrated to impact prenatal maternal health behaviors [80, 81].
Therefore, an important area for future research is clarifying how health behaviors might
moderate or mediate associations between PNMS and risk for offspring SSD.

Nutrition, Eating Behaviors, and BMI

Elevated pre-pregnancy BMI and obesity during early and late pregnancy have been
associated with SSD in offspring [82-84], as well as OCs related to SSD such as gestational
diabetes[85].Evidence from non-pregnant samples points to a relationship between stress
and unhealthy eating behaviors (e.g., large quantities, high-fat) [86, 87] which may in turn
increase BMI. Interestingly, a recent study did not find a significant difference in perceived
stress or pregnancy-specific stress between obese and non-obese pregnant women [88];
however, obesity has been linked to low-grade inflammation [85, 89, 90] and, therefore,
remains an important variable to consider in SSD studies. Furthermore, prenatal folate and
vitamin D deficiencies have been linked to increased risk for SSD [91]; however, omega-3
fatty acids have been demonstrated to be protective against SSD, as well as the adverse
effects of PNMS on the fetus in human studies, perhaps by acting as anti-inflammatory
agent [29, 92]. Despite these findings, no study has examined the relationships between
PNMS, nutrition, eating behaviors, and/or BMI in the course of SSD, which may be a
fruitful area of research for future studies.

PNMS and Premorbid Outcomes

Motor, cognitive, and behavioral deficits common in the premorbid period of SSD also have
been associated with PNMS. The premorbid period of SSD is marked by motor delays, such
as delays in sitting, standing, and walking, as well as issues with coordination [93e, 94];
evidence suggests that motor deficits as early as infancy may increase risk for SSD [95].
PNMS in mid to late pregnancy, in the forms of objective hardship and negative cognitive
appraisals, have been linked to poor and delayed gross motor development in infancy [96—
100]. Findings from the Queensland Flood Studies (QFS) identified post-traumatic stress as
a mediator between PNMS and motor dysfunction in offspring [97]. Further follow-up of the
offspring in the QFS demonstrated that, by age 2.5-4 years, affected offspring were able to
catch up in development [99]. Deficits to motor development in later childhood and
adolescence have also been observed in children of prenatally stressed mothers [101], which
is consistent with findings that motor problems reemerge during the prodrome of psychosis
[102]. A recent study identified adverse effects of parental postnatal stress on motor
development, while PNMS improved motor development; however, this study specifically
examined women using antidepressants in the prenatal period, which may point to a
protective role of antidepressants against adverse effects of PNMS [103].

PNMS has also been linked to several other deficits common in the premorbid period of
SSD. Cognitive difficulties including impaired language abilities [104], lower 1Q [104-106],
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difficulties with regulation and shifting of attention [107, 108], and executive functioning
difficulties [109] have been linked to PNMS. Various studies have examined the link
between PNMS and difficult or irritable offspring temperament, with mixed results.
Subjective distress has been related to difficult temperament, and neutral and positive
cognitive appraisals of stressful events have been linked to irritable temperament [110, 111].
Fetal sex and timing of stress were identified as moderators of this relationship in one study,
with male offspring more likely to experience irritable temperament following objective
hardship and stress in early pregnancy related to arrhythmic temperament [110]. One study
examining mother-offspring dyads of Hurricane Katrina did not find such an association but
identified a relationship between poor maternal health (e.g., PTSD, depression) and difficult
temperament [112]. These studies are consistent with findings that shyness, behavioral
difficulties, and isolated play occur in the premorbid period of SSD [92]. PNMS, as well as
lifetime trauma exposure, have also been linked to difficulties with emotion regulation and
negative affectivity in offspring [113, 114]. Finally, PNMS has been associated with
alterations in brain structure in human and preclinical studies, such as reductions in gray
matter and hippocampal and dopaminergic abnormalities that are typical of those with SSD
[115, 116].

Fetal Sex as a Potential Moderator

Fetal sex and timing of stress have emerged as potential moderators of the relationship
between PNMS and offspring SSD [117]. Rodent and human models of prenatal stress
indicate increased risk for male offspring, potentially mediated by the sex-regulated placenta
[47, 118, 119]. Several of the referenced studies have specifically identified increased SSD
risk for male offspring in response to various types of PNMS [13, 18, 33e].

Evidence for a viability-vulnerability tradeoff has been accumulating, such that prenatal
insults are associated with morbidity, mortality, and more severe neurodevelopmental
sequelae (including measures of growth and overall cognition), in males, but with more
enduring behavioral or temperamental deficits (consistent with anxious/depressive
phenotypes) in females [120¢¢]. Although there are exceptions in which PNMS has been
linked to increased risk of SSD in females, in those studies, there was greater mortality of
male offspring, complicating findings and corroborating the aforementioned hypotheses
[121]. There is also evidence of sex-specific risk for particular birth outcomes (i.e.,
shortened gestational age, preterm birth) that threaten morbidity and mortality of the fetus
following PNMS that may also, in turn, increase risk for SSD [122, 123].

Timing of Exposure as a Potential Moderator

Findings examining the role of timing of PNMS in risk for offspring SSD are more mixed.
First trimester PNMS, more often than later-term PNMS, has been linked to increased risk
for SSD [13, 18, 33+¢]; however, depending on the type of stressor, PNMS in early and late
[18] gestation have both been associated with increased risk for offspring. There is also
evidence that PNMS in mid-pregnancy is associated with OCs that have been linked with
SSD, including LBW and decreased fetal growth [124]. Nonetheless, a number of studies
were limited by retrospective reporting of stressors [36], which complicates the examination
of timing as a potential moderator.
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The period directly prior to conception is an under-investigated period of risk, although
initial findings indicate marginal and non-significant elevations in risk for offspring SSD
associated with preconception stressors [20]. The preconception period may instead be of
interest with respect to paternal stress. Evidence from rodent models indicates that
preconception paternal stress may impact DNA methylation or miRNA coding so as to alter
genetic material in sperm, which then may alter HPA-axis functioning in offspring in ways
that confer risk for neuropsychiatric outcomes [125-127].

Conclusions

In sum, PNMS can be considered a “disease primer,” potentially programming subtle
alterations in fetal development that make offspring vulnerable to additional risk or “second
hits” in the postnatal period (Fig. 1) [128]. Support for this possibility comes from a study
using the Danish register, which found that male offspring had a significantly increased risk
of developing SSD after exposure to both prenatal infection and early childhood trauma
[129]; this finding is consistent with preclinical literature [130] and highlights the
plausibility of OCs interacting with other pre- and postnatal risk factors in the
neurodevelopmental course of SSD. In studies considering the impact of PNMS in the
course to neuropsychiatric disorders in offspring, it may be important (albeit challenging) to
acquire data about the full scope of pre- and postnatal adversities to construct a
developmental pathway of accumulating risk [33ee, 131].

What has not been considered is the possibility that subtle changes following PNMS could
lead to a cascade of developmental difficulties triggered by PNMS [11ee]. Specifically,
changes in motor functioning, cognition, language acquisition, and temperament could
influence ways offspring interact with the environment and vice-versa. For example,
parental, peer, and teacher interactions may differ for a child with learning difficulties [132—
134]. Both peer victimization and cognitive difficulties in the premorbid period have been
linked to adolescent and adult psychosis outcomes, and there is evidence that peer
victimization occurs more often among children with psychological and cognitive
difficulties [135, 136]. There is also evidence of a reciprocal relationship between bullying
and cognitive deficits such that cognitive difficulties predispose victimization, which also is
related to subsequent cognitive deficits [137]. The transactional nature of the organism and
environment is critical to developmental outcomes; therefore, even small effects of PNMS
on offspring may alter interplays that occur throughout development [11ee]. Although
exposure to PNMS is often unavoidable, childhood transactional experiences can be
modified and serve as targets for early intervention [138]. For example, positive parental
engagement has been demonstrated to counter effects of prenatal insults [139]. As such, the
confluence of various pre- and postnatal environmental factors impacts risk for SSD across
the developmental lifespan. Understanding that PNMS is a small piece of a complex puzzle
of risk may also serve as comforting to pregnant mothers.

It is also important to note that the effect sizes in almost all studies of PNMS are small;
therefore, the risk to an individual woman and her offspring is fairly small [11ee]. For
disorders such as schizophrenia that occur at a low base rate, the odds ratio of the
association between PNMS and schizophrenia can be multiplied by the base rate of
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schizophrenia in the population to obtain a general sense of the risk of developing
schizophrenia for a specific child whose mother experienced PNMS during their gestation
(e.g., odds ratio of about 2.0 multiplied by base rate of 1% = 2% chance of offspring SSD)
[140]. As such, even in the studies with the largest odds ratios, the risk to an individual child
is still small following PNMS. Hence, it is critical for further studies to clarify how PNMS
interacts with other pre- and postnatal contributors. This will both aid in pinpointing the
offspring at the greatest risk for SSD and help in developing methods for early intervention.

Initial support for using such a model comes from studies that suggest an interaction of
PNMS and maternal inflammation with existing genetic risk increases risk for the disorder
[141]. Genes may also interact with other risk factors for SSD, such as OCs, to increase
offspring risk [142]. As such, studies exclusively including families with known risk for
psychosis should be considered separately due to the interaction of genetic risk.

Furthermore, PNMS has been demonstrated to confer risk for various psychopathological
outcomes in offspring [34e, 117]; however, the current literature does not sufficiently
elucidate the specificity of PNMS to SSD. This predicament is mirrored in genetics research,
which also struggles to differentiate which genetic components may be predictive of specific
or varied psychopathology [143]. The likelihood that PNMS interacts with several risk
factors for SSD raises questions of equifinality and multifinality in the relationship between
PNMS and SSD-specific risk [144¢]. Future studies may seek to clarify this relationship, and
perhaps investigate whether particular aspects of PNMS (type, timing, fetal sex, parental
genetic risk, and polygenic risk scores) may specifically confer risk for SSD.

In summary, evidence shows that PNMS increases risk for SSD as well as related OCs and
premorbid outcomes. In addition, there is some evidence that males are more vulnerable to
the effects of PNMS in the course of SSD. Nonetheless, a variety of factors closely related to
PNMS (e.g., sleep, inflammation, diet, postnatal factors) have yet to be studied in PNMS-
SSD investigations. Delineating potential interacting variables with PNMS is essential for
developing targeted early intervention strategies and is an important step for understanding
the PNMS-SSD association.
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Fig. 1.

Potential role of prenatal maternal stress and other developmental risk factors in the etiology
of schizophrenia spectrum disorders. This figure highlights that PNMS likely adds to and
interacts with other pre- and postnatal risk factors in increasing risk for SSD [10, 11ee, 92,
142]. For example, offspring affected by OCs are more likely to be difficult infants,
impacting maternal attachment and parental interaction [60<¢]. The relationship between
premorbid risk factors and other postnatal adversities such as adverse peer, parental, and
teacher interactions are more likely to be reciprocal, such that premorbid deficits may both
be the precedent and consequence of adverse interactions [134]. As risk likely accumulates
across the lifespan in a transactional manner, an understanding of these developmental risk
factors may provide insight into points for prevention and intervention efforts [92]
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