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Abstract

Heightened psychological stress during pregnancy has repeatedly been associated with increased
risk for offspring development of behavior problems and psychiatric disorders. This review covers
a rapidly growing body of research with the potential to advance a mechanistic understanding of
these associations grounded in knowledge about maternal-placental-fetal stress biology and fetal
brain development. Specifically, we highlight research employing magnetic resonance imaging

to examine the infant brain soon after birth in relation to maternal psychological stress during
pregnancy to increase capacity to identify specific alterations in brain structure and function and
to differentiate between effects of pre- versus postnatal exposures. We then focus on heightened
maternal inflammation during pregnancy as a mechanism through which maternal stress influences
the developing fetal brain based on extensive preclinical literature and emerging research in
humans. We place these findings in the context of recent work identifying psychotherapeutic
interventions found to be effective for reducing psychological stress among pregnant individuals,
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which also show promise for reducing inflammation. We argue that a focus on inflammation,
among other mechanistic pathways, has the potential to lead to a productive and necessary
integration of research focused on the effects of maternal psychological stress on offspring brain
development and prevention and intervention studies aimed at reducing maternal psychological
stress during pregnancy. In addition to increasing capacity for common measurements and
understanding potential mechanisms of action relevant to maternal mental health and fetal
neurodevelopment, this focus can inform and broaden thinking about prevention and intervention
strategies.

Keywords
Inflammation; pregnancy; prenatal stress; psychological distress; neurodevelopment; intervention

Introduction

Psychological stress refers to individuals’ “perception and evaluation of the potential

harm posed by objective environmental experiences,” with heightened stress occurring
when “environmental demands are perceived to exceed their abilities to cope.”(p.6)(1).
Psychological stress is multifaceted and can be classified by many characteristics, including
intensity, chronicity, and variability. Heightened psychological stress during pregnancy
has been repeatedly associated with offspring neurodevelopmental outcomes, including
increased risk for psychiatric disorders (1-3). Psychological stress varies in relation to
current (4, 5) and past experiences (6, 7), representing a common pathway for diverse
environmental and person specific factors to influence the fetus. Recent evidence from
studies employing infant neuroimaging has increased capacity to identify alterations in
specific aspects of brain structure and functioning associated with elevations in maternal
psychological stress and to differentiate effects of pre- versus postnatal influences (8).
Stress sensitive aspects of maternal-placental-fetal (MPF) biology, which play obligatory
roles in fetal brain development, provide explanatory mechanistic pathways for these
observed effects (9). Heightened maternal inflammation represents one such pathway,
which has been studied in well-controlled experimental animal models and in translational
work with humans. Thus, recent maternal inflammation research provides an opportunity
to understand the potential effects of maternal psychological stress on offspring brain
development in a manner that is increasingly grounded in multi-level neurobiological
evidence. It also provides the groundwork for identifying candidate mechanisms of action
of preventive and treatment interventions for reducing prenatal psychological stress and
reducing intergenerational transmission of prenatal stress via inflammatory and other MPF
pathways.

Several psychotherapeutic interventions are effective in reducing perinatal psychological
stress and risk for postpartum psychopathology (10, 11), addressing a critical need given
that 10-20% of people experience perinatal depression and 15% perinatal anxiety (12).
These interventions also have potential to benefit infant neurodevelopment through multiple
mechanisms, including effects on stress-sensitive aspects of MPF biology during pregnancy.
Here we highlight the potential for psychotherapeutic intervention during pregnancy
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to support healthy fetal brain development via reducing maternal psychological stress

and associated inflammation. In doing so, we advocate for integrating intervention and
prevention research with initiatives that advance understanding of mechanistic pathways
through which early life conditions, beginning in the prenatal environment, influence
neurodevelopment. We argue that this mechanistic perspective is important from both a
scientific and a health systems perspective. Refining understanding of mechanistic pathways
most relevant to maternal psychological stress and infant brain development is critical for
identifying the most effective psychotherapeutic interventions. Furthermore, understanding
relevant mechanistic pathways vis a vis psychotherapeutic intervention will boost confidence
in selecting and implementing optimal prenatal health systems changes to support maternal
psychological health and infant development.

Maternal Psychological Stress during Pregnancy Influences Infant Brain

Development

Heightened psychological stress during pregnancy, including depressive and anxiety
symptoms, is associated with elevations in offspring stress responses, emotional
dysregulation, and behavioral problems (13-15). A recent meta-analysis identified a
1.5-2 fold increased risk for socioemotional problems among children whose mothers
experienced heightened stress during pregnancy (16). Maternal stress during pregnancy
is uniquely associated with offspring development after accounting for the presence of
objective stressors (17, 18), and effects are not dependent on shared genetics between
mother and offspring (19). Stress-sensitive aspects of MPF biology can influence fetal
brain development and subsequent offspring neurobehavioral outcomes, including risk for
psychiatric disorders (9). Examination of brain outcomes spanning from school-age to
early adulthood demonstrate associations between prenatal stress exposure and long-term
differences in brain structure and functioning, including alterations in amygdala volume
and connectivity, as well as multiple other subcortical and cortical brain regions (see

(20) for a review). While these studies indicate potential for enduring effects of prenatal
stress, examining the brain at these later time points creates difficulty in disaggregating
effects of pre-versus postnatal influences. A growing body of research employing structural,
functional, and diffusion magnetic resonance imaging (MRI) with infants has provided
evidence for effects of prenatal stress on offspring brain development prior to substantial
exposure to co-occurring risk factors in the postnatal environment. MRI provides the
necessary spatial resolution to examine specific subcortical brain regions, such as the
amygdala and hippocampus, which develop early in gestation (21, 22), are known to

be sensitive to stress due to containing high levels of glucocorticoid receptors (23),

and are implicated in disrupted emotional processing across psychiatric disorders (24).
Although beyond the scope of this review, other noninvasive neuroimaging tools, such

as electroencephalogram (EEG) and functional near-infrared spectroscopy (fNIRS), are
complementary to MRI due to temporal resolution and portability, and have contributed
significantly to understanding prenatal influences on brain development.

In human studies, higher maternal psychological stress during pregnancy is associated with
lower left hippocampal volume beginning during the second and third trimesters (25) and
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continuing into the neonatal period, as well as slower right hippocampal growth from the
neonatal period through 6-months-of-age (26). Importantly, null findings have also been
reported regarding hippocampal volume (27). To date, few studies have shown alterations
to infant amygdala volume in relation to prenatal stress (28, 29), although decreased
amygdala volume has been associated with higher levels of stress among male infants.
Larger replication studies that examine infant sex as a moderator (1) will be an essential
component of future research.

In contrast to overall amygdala volume, alterations in the microstructure (28) functional
(30, 31) and structural connectivity (30) of the infant amygdala have been observed

in association with prenatal stress. Depressive symptoms during pregnancy have been
associated with more pronounced negative functional connectivity between the neonatal
amygdala and dorsal medial prefrontal cortex (30) and stronger amygdala functional
connectivity with the insula, ventromedial prefrontal cortex, and orbitofrontal cortex (31).
This suggests the potential for alterations in brain circuitry integral to emotion processing
and regulation and implicated in depression and anxiety later in life. Findings from diffusion
tensor imaging (DTI) with infants further indicate potential alterations in the integrity of
fiber tracts connecting the amygdala with the prefrontal cortex in association with prenatal
stress exposure (30).

Several issues require consideration in interpreting the literature in this area. First, the
obligatory role of stress-sensitive aspects of MPF biology in multiple aspects of fetal brain
development, including neurogenesis, neuronal migration, synaptogenesis, and myelination
(9, 32), indicate that effects of prenatal stress are likely widespread as opposed to restricted
to limbic brain regions or connections. Investigation of such effects should harness current
understanding of brain organization and functioning, a core feature of which is a limited
number of consistently reproducible large-scale brain networks defined by patterns of
coordinated functioning between anatomically distant brain regions (33). This network view
of brain functioning is highly relevant given increasing evidence for the early emergence

of large-scale networks, at least in nascent form already at birth (8). The increasing

interest and rapidly advancing technical capacity to better characterize development of large-
scale networks during fetal development (34) and early infancy (35) creates an important
opportunity to examine how brain organization may be altered in relation to common
environmental inputs, such as heightened maternal psychological stress.

Second, well documented challenges with reproducibility in neuroimaging research
involving smaller sample sizes (36, 37) indicate a need research in this area with larger
samples and testing results across independent datasets as they become available (8).
Another limitation is the frequent measurement of maternal psychological stress with a
single questionnaire, often at a single time point. Repeated assessment of psychological state
in real-time and in ecologically valid contexts, known as ecological momentary assessment
(38), has been shown to capture aspects of psychological stress and MPF stress biology
during pregnancy in a manner that improves capacity to understand how they relate to one
another (39), and to predict birth outcomes (40). Despite these limitations, the literature
suggests that: a) maternal stress during pregnancy may impact brain development, and b)
this can be quantified soon after birth before exposure to potentially confounding influences
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of the postnatal environment. Leveraging knowledge regarding potential adverse effects of
prenatal stress exposure requires an increased focus on mechanistic pathways. This is critical
for generating target mechanisms of action for preventive and treatment interventions.

Heightened Inflammation as an Important Pathway for the Influence of

Psychological Stress on Offspring Outcome

Increasing evidence identifies heightened inflammation as a key pathway through which
elevated maternal psychological stress during pregnancy influences fetal brain development
and risk for poor neurodevelopmental outcomes. Maternal inflammation during pregnancy
is associated with increased risk for offspring psychiatric disorders, including schizophrenia,
autism, and attention deficit hyperactivity disorder (41, 42). Stress induced alterations in
immune functioning are thought to occur via interactions between the immune system and
hypothalamic-pituitary-adrenal axis (HPA-axis) (43, 44). Cortisol, the end product of the
HPA-axis, regulates immune function (43, 44). However, chronic activation of the HPA-axis
in response to stress can lead to impaired glucorticoid regulation of immune function, and
thus contribute to heightened inflammation (43). A large body of evidence documents
effects of stress on immune functioning (45, 46). Different types of stress contribute

to heightened inflammation during pregnancy (47) including recent stressful life events
(48), and chronic stressors, such as poverty, racial discrimination (49, 50), and childhood
adversity (for review see (47)). In addition, mental health conditions with high prevalence
during the perinatal period are associated with heightened inflammation (51).

Preclinical research delineates pathways through which maternal inflammation influences
the developing fetal brain. Maternal blood elevations in proinflammatory cytokines are
accompanied by heightened levels in placental tissues, amniotic fluid, and the fetal brain
(52-54), demonstrating that maternal inflammation influences the fetal inflammatory
environment. Because cytokines play a role in fetal brain development, including
signaling of cell differentiation, axonal growth and synaptogenesis (55, 56) elevations

in proinflammatory cytokines alter neurodevelopment. Effects of heightened maternal
inflammation during pregnancy on offspring neurodevelopment (57) include decreased
total brain volume (58) reduced volume of the prefrontal cortex, hippocampus (59, 60)
anterior cingulate cortex, amygdala, striatum, nucleus accumbens and lateral ventricles,
and increased volume of the thalamus, ventral mesencephalon, and brain stem (60).
Lasting downstream effects on offspring behavior consistent with human psychopathology
are also observed (54, 61-64). Effects can be eliminated by antibodies that inactivate
certain proinflammatory cytokines (65, 66) highlighting the central role of proinflammatory
cytokines in these associations.

Preclinical models also provide evidence that inflammatory factors influence developing
fetal neurotransmitter systems critical for behavior regulation, including the serotonergic
(67, 68), dopaminergic (69, 70), and glutamatergic systems (71, 72). In addition to directly
influencing fetal brain development, in utero exposure to inflammation is postulated to
trigger inflammation in the fetal brain (73, 74), which may alter brain development
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through activation of glial cells (75), increased oxidative stress (76), and aberrant neuronal
development among other mechanisms.

In humans, heightened maternal inflammation during pregnancy mediates the association
between elevated psychological stress and increased infant negative affect, a transdiagnostic
risk factor for psychopathology (77). Recent work further demonstrates associations
between heightened maternal inflammation and the structure and function of the infant
brain, including greater right amygdala volume, stronger amygdala functional connectivity
to cortical and subcortical brain regions in newborns (78), and alterations in frontolimbic
structural connectivity through 12-months-of-age (79). These altered neural phenotypes
mediate effects of maternal inflammation on children’s development of inhibitory control
(78) and cognitive skills (79). Heightened maternal inflammation during pregnancy has also
been associated with organization of large scale functional brain systems in the neonatal
period, with the salience network implicated in two independent samples (80, 81).

In summary, multiple forms of psychological stress are associated with elevated
inflammation during pregnancy, preclinical studies show effects of maternal inflammation
on offspring neurobehavioral development, and increasing evidence demonstrates effects
of maternal inflammation on neural and behavioral phenotypes relevant to psychiatric
disorders in humans. Multiple other aspects of stress-sensitive MPF biology, including

the HPA-axis, oxidative stress, serotonin (5-HT) signaling, and epigenetic mechanisms,
also effect the developing fetal brain (9, 82). Importantly, inflammation interacts with

each of these other aspects of MPF biology through multiple mechanisms. For example,
maternal inflammation can reduce 5-HT synthesis and signaling through upregulation of
indoleamine-2,3-dioxygenase, which competes for the 5-HT precursor molecule tryptophan
(83, 84), and epigenetic alterations to the promoter of the 5-HT transporter gene (85).

Thus, inflammation emerges as an important candidate mechanism to better understand and
ameliorate potentially detrimental effects of maternal psychological stress during pregnancy,
on offspring brain development.

Maternal Inflammation during Pregnancy as a Target for Psychotherapeutic

Intervention

A robust literature supports the effect of psychotherapeutic intervention on immune
functioning. Engagement in psychotherapeutic interventions affects immune function in
individuals with multiple medical conditions known to increase inflammation, such as
cancer, rheumatoid arthritis, and HIV (for reviews, see (86—88)). A recent meta-analysis
examined 56 RCTSs for psychosocial interventions across a variety of adult populations,
including individuals with medical disorders, mental health disorders, and psychological
distress (86). They found a small, pooled effect of improved immune function for
psychosocial intervention participants (as compared to controls), with an associated 15%
improvement in immune system functioning (defined by levels of anti-inflammatory
cytokines, antibodies, immune cell counts, and natural killer cell activity) and 18% decrease
in harmful immune function (defined by levels of proinflammatory cytokines and viral load).
Significant findings were most consistently characterized by decreases in proinflammatory
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cytokines and increases in immune cells, and were present up to at least 6 months post-
treatment (86).

Non-pharmacological interventions (e.g., psychotherapy) for individuals with heightened
psychological stress are associated with increased immune function, most consistently
decreased levels of proinflammatory markers C-reactive protein (CRP), interleukin-6 (I1L-6),
and tumor necrosis factor-a (TNF-a.) (for reviews, see (86—89)). Cognitive behavior
therapy (CBT) is a specific psychotherapeutic intervention for psychological stress (e.g.,
depression, anxiety) with some of the strongest evidence for treatment-related reductions
in inflammation over time in a variety of medical populations, psychiatric populations, and
individuals with elevated mental health symptoms or psychological distress (86, 88, 89).

In a recent meta-analysis of CBT RCTs, CBT was associated with a 15% improvement

in immune function and a 34% reduction in harmful immune function. Associations did
not differ by age, intervention duration, or comorbid medical presentation, and changes
persisted for at least six months after the intervention ended (86). While there are no
direct studies of CBT and inflammation in perinatal populations, CBT treatment and lower
depressive symptoms were correlated with lower IL-6 levels in women experiencing their
first depressive episode (90).

Similar to CBT, mindfulness-based interventions (MBIs), such as mindfulness-based
cognitive therapy (MBCT) (91) and mindfulness-based stress reduction (MBSR) (92), are
efficacious in reducing psychological stress, improving well-being, and improving clinical
and functional outcomes in adults with medical and psychiatric disorders (93-98). Unlike
CBT, MBIs are also conducted with healthy populations and therefore hold promise as
more universal interventions to target inflammatory pathways. Initial evidence suggests

that MBIs may reduce proinflammatory immune response in healthy populations, including
reductions in levels of TNF-a after completing MBSR (99) and reductions in levels of

CRP after completing MBSR and MBCT (100, 101). Completion of an intensive MBI
retreat by stressed healthy controls was associated with decreases in the IL-6 (98). Across
meta-analyses of RCTs and clinical research of MBIs with heterogeneous populations of
medical, psychiatric, and healthy populations, MBIs are consistently associated with reduced
CRP levels (87, 102, 103)(except see (104)). Evidence for the impact of MBIs on IL-6 and
TNF-a has been inconclusive (87, 102, 103). Therefore, while MBIs hold potential to affect
proinflammatory immune functioning, larger studies are needed to replicate findings and
establish potential target mechanisms.

Changes in immune functioning during pregnancy (105, 106) raise the possibility of
increased plasticity and thus potential responsiveness to intervention. The potential to reduce
inflammation during pregnancy is highly relevant both for the developing fetal brain and
maternal mental health due to the proposed role of inflammation in the emergence and
maintenance of perinatal depression (107). Addressing perinatal mental health and well-
being is increasingly recognized as a public health imperative, evidenced by guidelines
recently published by the US Preventive Services Task Force (108). Traditional care
approaches have focused on pharmacological interventions (109), which reduce risk of
depression relapse during pregnancy (110), and have potential to reduce inflammation (111,
112); however, many pregnant people have reservations about pharmacological strategies
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(109, 113). Non-pharmacological interventions, including CBT, MBIs, and interpersonal
therapy (IPT), are safe and acceptable during pregnancy (10, 114-116). There are robust
effects of CBT and IPT on reducing depressive symptoms and preventing perinatal
depression (10, 11, 117), with CBT also showing efficacy in reducing perinatal anxiety
and psychological stress (118, 119).

MBIs are also feasible and acceptable during the perinatal period (10, 116, 120, 121)

and are associated with reductions in anxiety and stress (116, 120, 121). MBCT has a
strong evidence base for reducing psychological stress during pregnancy and reducing risk
for perinatal depression (10, 122, 123). However, results on the effectiveness of MBls
more generally at reducing perinatal depressive symptoms are mixed, likely reflecting
methodological differences, limited RCTSs, and variability in adherence to treatment
protocols (116, 121).

Despite advancement in the field of prenatal intervention, there is limited understanding

of how prenatal psychotherapeutic intervention affects immune function. Evidence for
treatment effects on downstream neonatal and infant outcomes (124) suggests potential
involvement of stress-sensitive aspects of MPF biology, such as immune function. Ongoing
RCTs are attempting to identify direct intervention effects on infant neurodevelopment and
potential mechanistic pathways, including inflammation (for review, see (125)).

Discussion

Inflammation as a common factor

Intervention

As understanding of potentially efficacious interventions to prevent and reduce
psychological stress during pregnancy advances, a parallel line of research provides
increasing understanding of the mechanisms through which stress can influence the
developing fetal brain and risk for psychiatric disorders. We propose focusing on
inflammation as a promising avenue for joining these two lines of research. Given the
likely role of inflammation in the effects of prenatal psychological stress on fetal brain
development and in the emergence of more severe forms of perinatal psychological stress
(e.g., major depressive disorder), the proposed focus on inflammation has implications for
improving maternal health and fetal development.

implementation- proposing a unified and universal approach

Focusing on pregnancy inflammation as a mechanistic pathway for effects of
psychotherapeutic intervention on the developing fetal brain may broaden our
conceptualization of intervention for pregnant people. First, multiple other aspects of the
prenatal environment, including nutrition, metabolic health, and substance use, impact the
maternal inflammatory milieu during pregnancy (see Box 1). By anchoring intervention
efforts to inflammation as a key mechanism, intervention evaluation remains grounded in
biology and has a common measurable outcome. Second, the perinatal period represents a
time of potentially unique plasticity and vulnerability in immune function for all pregnant
people. Further, predicting who is at greatest psychological risk during pregnancy and
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postpartum remains challenging, with prenatal anxiety or depressive symptoms being the
best predictors of postpartum psychopathology (126).

These considerations signal the need to reshape how and who we are reaching during
pregnancy. We suggest that a universal approach to intervention may be warranted. A
recent meta-analysis of 10 studies including universal mental health preventive prenatal
interventions found a moderate effect of universal interventions on stress (&= .52) (127).
This indicates that shifting our attention away from narrow populations and instead
focusing on well-integrated, preventive mental health screening and care may result in

a greater ability to support healthy perinatal processes and infant brain development.
Several models exist that might guide a unified, universal screening and psychotherapeutic
intervention approach to prenatal care (128, 129). Presented in this manner, universal
prenatal psychotherapeutic interventions could become similar to the prenatal vitamin —

a normalized approach that is commonly used for health promotion and disease prevention,
benefitting both the pregnant person and the developing fetus. A paradigm shift such as this
also holds promise to decrease barriers, such as stigma, known to hinder access to mental
health care.

Universal intervention also reframes responsibility for reducing psychological stress during
pregnancy — shifting responsibility away from pregnant people and towards our healthcare
systems, systems of support, and payers to provide increased access, availability, and
coverage of preventive services. Effective and sustainable solutions will require mental
health experts to work across disciplines, including collaboration with maternity care experts
and implementation scientists, as shifting responsibility solely to maternity care providers
will be an ineffective strategy (130).

We therefore suggest that future research on mental health and wellness interventions
during pregnancy be designed to consider the potential for broad implementation within

the prenatal practice setting, where most pregnant people receive care. To accomplish

this, it will be essential to consider implementation concerns, such as acceptability,
feasibility, delivery preferences, and satisfaction among pregnant people and community-
based prenatal care providers. Ideally, these newly defined or modified interventions will: a)
retain key components of interventions with known efficacy (e.g., learning and employing
CBT skills), b) measure psychological stress and symptoms every two to four weeks to
allow for obtaining point prevalence estimates and trajectories (131), ¢) be tested against
one another, and d) examine the effects of intervention timing (e.g., early versus later
pregnancy intervention). Pre- and post-intervention measurement of inflammation may

be accomplished by blood draws in clinic settings, or through the use of innovative
methods for remote biological sample collection during pregnancy, which facilitate sampling
at home (132). Finally, given the challenges in predicting who will develop perinatal
depression, accomplishing depression screening in many prenatal care settings, realizing
timely and effective mental health care when pregnant people screen positive for perinatal
mood disorders, and the many maternal/child benefits of preventing rather than treating
perinatal mood disorders, we recommend that future research examine models of care

with the capacity to reach all pregnant people and the flexibility to identify and respond
appropriately to non-responders. Specifically, we recommend a stepped approach with a
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shorter intervention focused on mood disorder screening and mental wellness skill building
that is offered to all pregnant people followed by additional intervention sessions for those
with heightened symptoms, increasing symptoms, or a psychiatric disorder history.

Reaching all pregnant people

Importantly, a universal approach to intervention does not mean one size fits all.
Contextualizing factors, particularly factors reflecting chronic stress experiences of diverse
populations (e.g., racism, discrimination, health disparities) must be the focus of future
research and can be advanced with a focus on inflammation and other aspects of MPF
stress biology. Heightened proinflammatory cytokines have frequently been observed in
association with chronic stress (49, 133), and studies in which the immune system has

been stimulated via a temporal stressor (134) or ex vivo stimulation (135) show increased
levels of IL-6 in pregnant Black women compared to pregnant white women. Further, in
one study pregnant Black women had reduced ability to regulate IL-6 response compared
to pregnant white women (135). Maternal trauma history has also been associated with
heightened inflammation during pregnancy, and effects on the developing fetal brain (47).
Additional research in this area to advance understanding of how contextualizing factors
contribute to inflammation during pregnancy and how they can inform interventions aimed
at reducing psychological stress during pregnancy must be a top priority. Consideration must
be given to known differences in psychotherapeutic intervention perceptions, preferences,
beliefs, and needs among pregnant people (136) Psychotherapeutic intervention efficacy
and implementation must be more assertively examined outside of white, urban populations
using appropriate scientific methods and applying a human-centered design framework.

Conclusion

Evidence documenting the effects of maternal psychological stress on offspring brain
development has become increasingly grounded in understanding mechanistic pathways
involving stress-sensitive aspects of MPF biology, particularly inflammation. In parallel,
evidence-based interventions for reducing psychological stress among pregnant people have
proliferated, and the need to address perinatal psychological stress has been firmly stated as
a policy imperative (10, 108). The current state of the science suggests that we are ready

to more widely consider inflammation as both a key mechanism and clinical translation

of effective interventions. There is a pressing need to make pregnancy interventions that
effectively improve mental health more widely available, more widely appealing, functional,
and sustainable within the standard prenatal care setting. We are poised to simultaneously
and collaboratively advance both missions. This will be particularly important as we seek to
better address the contextualizing factors that perpetuate health inequity across generations
by including minoritized populations in this research aimed at identifying mechanistic
pathways for and improving prevention of the influence of stress on the developing brain.
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BOX 1:

Factors commonly co-occurring with heightened maternal psychological
stress with potential to influence inflammation and offspring
neurodevelopment

In the current manuscript, we focus on maternal psychological stress during pregnancy
as one important factor relevant to infant neurodevelopment. This focus, however, is

not intended to imply that this is the only relevant prenatal input, nor that the effects

of prenatal stress occur in isolation. Rather, there are several factors that have been
shown to commonly co-occur with heightened psychological stress and that may exert
independent, interactive, or bidirectional effects on child brain and behavior. Among
these factors are poor nutrition, obesity, environmental toxicant exposure, and substance
use during pregnancy (137-140). Interestingly, each of these factors have been associated
with greater systemic or intra-uterine inflammation (141-145), suggesting a possible
overlapping biological mechanism through which these factors jointly influence child
brain and behavioral development. While a comprehensive review of each of these areas
of research is outside of the scope of the current manuscript, we highlight two exemplar
factors herein, to illustrate our point.

First, heightened psychological stress during pregnancy has been shown to be related

to poor nutrition, such that pregnant individuals who are stressed are more likely

to consume calorically dense diets that are higher in fats and carbohydrates, and to
consume lower levels of some micronutrients that are important for fetal development,
including folate (146). Psychological stress is purported to be related to dietary intake via
alterations in food choices, in hormones that regulate hunger and satiety, and in digestive
processes (see 142 for a more thorough discussion of these points). There have been
several excellent reviews on this topic that highlight the various ways in which stress
and nutrition may interact to influence offspring neurodevelopment (e.g., 138, 147). Of
relevance to the biological mechanisms described herein, poor nutrition can contribute
to systemic inflammation, such that some nutrients can amplify (e.g., saturated fats) or
dampen (e.g., omega-3 fatty acids) symptoms of psychological stress and its associated
inflammatory response.

A second example comes from the literatures examining substance use during pregnancy.
Previous research suggests that individuals who misuse alcohol, tobacco, and prescription
or illicit drugs during pregnancy often have a psychiatric history and endorse increased
psychological stress during pregnancy (148, 149). Similar to the other examples
described herein, alcohol, tobacco, and drug use have each been associated with
increased systemic inflammation (though most studies in this area have investigated
these associations in non-pregnant populations) (144, 145, 150) and has been linked with
compromised neurodevelopmental outcomes in offspring (140), though few studies have
examined their relative influence on child outcomes. Future research that simultaneously
considers the effects of stress and other factors such as these is clearly needed, both to
better contextualize stress effects and to disentangle the multiple influences on maternal
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gestational inflammation and child neurodevelopment, as a means to finding the most
powerful target for intervention.
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Interventions

Nutrition

Gestational

Inflammation

Figure 1.
Psychological stress during pregnancy is hypothesized to be a common pathway through

which life history, current events, environmental conditions, physical and mental health, and
other factors influence stress-sensitive aspects of gestational biology, including immune
functioning. Psychological stress during pregnancy has potential to both mediate and
moderate these other influences on gestational biology (e.g. impacts of psychological

stress on metabolism would lead to consideration of stress as a moderator of the effects

of birth parent nutrition on gestational biology). Direct pathways also exist from these

other factors to gestational biology, but we highlight the role of psychological stress

here as a potentially modifiable factor. Evidence-based psychotherapeutic interventions are
hypothesized to reduce inflammation via reduction in psychological stress during pregnancy.
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