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Placental programming of neuropsychiatric disease
Panagiotis Kratimenos1,2,3 and Anna A. Penn1,2,3,4

The placenta is vital for fetal growth, and compromised function is associated with abnormal development, especially of the brain.
Linking placental function to brain development is a new field we have dubbed neuroplacentology. Approximately 380,000 infants
in the United States each year abruptly lose placental support upon premature birth, and more than 10% of pregnancies are
affected by more insidious placental dysfunction such as preeclampsia or infection. Abnormal fetal brain development or injury
can lead to life-long neurological impairments, including psychiatric disorders. The majority of research connecting placental
compromise to fetal brain injury has focused on gas exchange or nutritional programming, neglecting the placenta’s essential
neuroendocrine role. We will review the current evidence that placental dysfunction, particularly endocrine dysfunction, secretion
of pro-inflammatory cytokines, or barrier breakdown may place many thousands of fetuses at risk for life-long neurodevelopmental
impairments each year. Understanding how specific placental factors shape brain development and increase the risk for later
psychiatric disorders, including autism, attention deficit disorder, and schizophrenia, paves the way for novel treatment strategies
to maintain the normal developmental milieu and protect from further injury.
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The placenta is a vital component of healthy pregnancy;
compromised placental function has been linked to diverse
developmental brain disorders. Some neuropsychiatric disorders
present in early childhood, such as autism spectrum disorders
(ASDs) or attention deficit hyperactivity disorder (ADHD), while
some, such as schizophrenia or depression, usually present later.1,2

Early insults that alter in utero brain development have been
linked to these disorders (Fig. 1). During developmental critical
periods, the brain may be “programmed” for conditions that
will occur later in life. The placenta, a fetal organ with the same
genetic makeup as the fetus and the organ controlling the
intrauterine environment, can play a key role in this programming.
The placenta’s role in protecting and shaping the fetal brain,

what we call “neuroplacentology,” has only recently started to
be investigated. As the interface between maternal and fetal
circulation, the placenta monitors maternal well-being and aims
to modify this environment to optimize fetal development
through changes in placental function. Placental substrate
transport, metabolism, and placental hormone production are
all important to fetal development. The life-long developmental
potential of the fetus can be compromised when the placenta fails
to function properly. Many events, such as infection, malnutrition,
and genetic abnormalities, can disrupt placental function or, as in
preterm birth, can abruptly change the fetal brain’s environment.
More than 10% of all pregnancies are affected by some degree
of placental failure that can lead to growth restriction, preterm
delivery, or still birth.3 Placental failure can directly damage the
developing brain or increase its susceptibility to injury, leading to
permanent neurological disabilities. We will review the current
evidence for the hypothesis that placental dysfunction or loss may
“program” or predispose an individual to psychiatric disorders

not seen until childhood or adulthood. Understanding how the
placenta integrates maternal and fetal information that lead
to long-term programming may suggest new ways to manage
pregnancy complications and prevent abnormal neurodevelop-
ment or injury.

PLACENTAL FUNCTION AND FETAL PROGRAMMING
Epidemiological evidence first suggested that interactions
between maternal and fetal systems promote fetal growth and
normal pregnancy outcomes and alter the in utero environment
in ways that lead to long-term changes, particularly cardiovascular
and metabolic disease.4 The links between the in utero nutritional
environment and later cardiovascular morbidities were recognized
by Barker et al.5 in the late 1980s. Since then, a new field of
“developmental origins of health and disease” has emerged.6

Nutrition is a well-described mechanism of fetal programming;
maternal undernutrition can elicit placental and fetal adaptive
responses that lead to metabolic, hormonal, and immune
reprogramming, resulting in intrauterine growth-restricted (IUGR)
fetuses with increased risk of metabolic and cardiovascular disease
in adulthood. Adult diseases such as coronary heart disorders,
hypertension, atherosclerosis, type 2 diabetes, insulin resistance,
altered cell-mediated immunity, and cancer have all been linked
to fetal programming.7

Maternal health, dietary status, and exposure to environmental
factors, uteroplacental blood flow, placental transfer, and fetal
genetic and epigenetic responses likely all contribute this
programming. Cytokines, hormones, growth factors, and the
intrauterine immune milieu can also contribute to in utero
programming. In addition to these chemical signals, a role for
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extracellular vesicles and shedding of micro-particles (trophoblast
“debris”) has been recently identified as a mechanism of
communication between mother and fetus. These particles
comprise heterogeneous collection of membrane-bound carriers
with complex cargoes, including proteins, lipids, and nucleic
acids.8 How these signaling pathways alter maternal response
to pregnancy and fetal development is an active area of current
investigation.9,10

PLACENTAL FACTORS THAT PREDISPOSE TO MENTAL ILLNESS
Both acute and chronic placental dysfunction is linked to adverse
life-long neurological injury11 (Table 1). Evidence is now emerging
that links the placenta to changes in the developing brain that
may increase the risk of, or even cause, psychiatric disorders.
Acute interruption of placental circulation (umbilical cord occlu-
sion or placental abruption) may result in severe neurological
hypoxic–ischemic damage before or during delivery.3,11–14

Chronic placental vascular lesions (chronic villitis, fetal thrombotic
vasculopathy, or infection-associated fetal vasculitis) are correlated
with neurological injury.3 Almost 90% of term infants with
neonatal encephalopathy and brain injury have placental lesions
noted post delivery, although the high frequency of placental
lesions in apparently neurologically intact newborns makes
interpretation complex.3,13,14

There are important time-points in which the embryo and fetus
is more vulnerable to stressful events, and the impact of such
events will vary depending on when they occur during gestation.
In the embryonic period, the first 8 weeks post conception in
humans, the extent of developmental programming via the
placenta is unclear. Early placental transport functions for
nutrients, such as folate, may substantially impact embryonic
organogenesis. However, with the transition to the fetal period,
placental blood flow in the intravillous spaces allows a significant
increase in maternal–fetal information exchange, with molecular
and chemical signals transmitted to the fetus about the maternal
environment and vice versa (Table 2). It is primarily during fetal
developmental windows or “critical periods” that the nervous
system may be programmed for conditions that will occur later in
life. Altered brain development and subsequent brain disorders
maybe impacted by placental events, including:

1. Prematurity: The loss of placental support due to preterm
birth is an independent risk factor for neurological injury.
Preterm birth has profound impacts on postnatal neurode-
velopment,2 although the extent to which these changes
are related to postnatal insults remains controversial.15

Additional complications, such as infection, may exacerbate
issues arising from prematurity.14,16–19 Events preceding
premature delivery, particularly IUGR due to impaired
placental function, may also enhance the risk of neurode-
velopmental impairment in premature infants.18–22

2. Infection: The role of placental immune activation in poor
neonatal outcome, particularly in neurological complica-
tions, has become an area of intense study in the past
decade.18,23,24 Maternal infection has been implicated in the
etiology of neuropsychiatric disorders, including ASD,
schizophrenia, and generalized cognitive impairment.24

Direct infection of the placenta is often associated with
devastating outcomes in the embryo and fetus.25 Addition-
ally, the placenta itself can sense and respond to pathogen
molecular patterns or immune cytokines released into
the blood stream from distant sites of infection.26,27 Animal
studies have established that activation of the maternal
immune system during pregnancy is alone sufficient to
cause abnormalities in social behavior, complex learning
tasks and sensorimotor gating in offspring.28–30 Evaluation
of the postnatal or adult brains of offspring show diffuse
anatomical alterations following the prenatal challenge.31–34

Viral infections such as influenza may also modulate
genetic predisposition associated with schizophrenia or
autism.31,35,36 The placenta is likely the key mediator of
these injuries.

3. Genetic factors: The placenta maintains a fine equilibrium
between the genomic signature of the mother and the
fetus. The placental genetic program—remarkable for an
abrupt shift in overall gene expression pattern in mid-
gestation—is strikingly similar between mouse and
human37–39 with high conservation of genes and proteins
related to placental dysfunction.40 Interestingly, gene
expression in human placentas follows a different pattern
after in vitro fertilization or in intracytoplasmic sperm
injection with particular changes in imprinted genes,
potentially leading to expression changes that could alter
placental function, and thus brain development, across
pregnancy.41 It is intriguing that many genes highly
expressed in placenta are also expressed in brain, particu-
larly those that may be linked to neuropsychiatric disease.42

4. Epigenetic factors: Epigenetic mechanisms used by the
placenta are unique, but are most similar to those seen in
cancer, reflecting their invasive properties. Large-scale
patterns of hypomethylation, as well as site-specific
hypermethylation of tumor suppressor genes, occurs in
placenta.43 In addition, microRNAs (miRNAs) that have been
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Table 1. Placental factors and associated mechanisms of neuropsychiatric disease

Placental factors of neuropsychiatric disease Possible mechanisms Major supporting studies

Prematurity

▪Chronic hypoxia–ischemia
▪Chorioamnionitis and inflammation

▪Increased expression of PPARα, IGFBP-1,
HIF3α, and GLUT4
▪Placental syncytial knots

1. Nosarti et al.1

2. Apel-Sarid et al.20

3. Leviton et al.22

4. Mueller and Bale78

5. Aarnoudse-Moens et al.102

6. Joseph et al.17

7. Baron et al.103

8. Talge et al.104

Genetic

▪Genetic variants and early life complications→
altered placental response to stress
Maternal prenatal depression→aberrant
placental expression of the imprinted
genes→impaired placental hPL expression

▪Mutation of kynurenine-3-
monooxygenase→elevated kynurenic acid
▪Altered expression of genes that involved
in the intercellular communication

1. Ursini et al.42

2. Howerton et al.109

3. Janssen et al.101

4. Raikkonen et al.97

5. Beggiato et al.93

Epigenetic

▪Hypermethylation
▪Hypomethylation

▪IUGR, preeclampsia and
malnutrition→altered methylation status
▪Acetylation
▪RELN promoter hypermethylation
▪Reduction of RELN levels

1. Gheorghe et al.53

2. Januar et al.54

3. Schmidt et al.60

4. Schroeder et al.61

5. Pankevich et al.79

6. Shen et al.90

7. Guidotti et al.110

8. Monk et al.96

Infection

▪Increased maternal immune activation
▪Placental secretions of cytokines in response
to maternal infection

▪Direct inflammatory effect on fetal brain
▪Viral infection→alteration of genomic
structure (e.g., downregulation of RELN)

1. Ponzio et al.65

2. Fatemi et al.88

3. Fineberg and Ellman89

4. Brown et al.35

5. Simoes et al.108

Placental dysfunction

▪Acute or chronic placental hypoxia–ischemia
▪Placental vasculopathy
▪Obesity→altered glucocorticoid
level→increased ABCB1 and ABCG2 mRNA levels
in severe obese, lower ABCB1 and higher
11βHSD1 mRNA levels in lean→greater fetal
brain vulnerability in obese mothers

▪Inflammation
▪Hypercoagulable placental state
▪Altered glucocorticoid level

1. Redline3

2. Straughen et al.57

3. Chang et al.58

4. VanWijk et al.12

5. Wintermark et al.13

6. Mina et al.55

11βHSD1 11β-Hydroxysteroid dehydrogenase type 1, IGFBP-1 insulin-like growth factor binding protein 1, PPAR peroxisome proliferator-activated receptor-α,
hPL human placental lactogen, HIF3α hypoxia-inducible factor 3α, GLUT4 glucose transporter 4, RELN reelin, IUGR intrauterine growth restriction, ABCB1
ATP-binding cassette B1, mRNA messenger RNA

Table 2. Placental communication factors that may mediate fetal neurological programming

Macromolecules Placenta to maternal circulation Placenta to fetal circulation

Macrovesicles 50–100 nm carry miRNA, mRNA, proteins ✓ ?

Exosomes 40–120 nm carry miRNA, mRNA, proteins ✓ ?

Apoptotic blebs 500–2000 nm carry nuclear fractions ✓ –

Multivesicular endosomes ✓ ?

Neuroactive steroid hormones ✓ ✓

Growth factors ✓ ✓

Cytokines ✓ ✓

Cell free DNA ✓ –

mRNA messenger RNA, miRNA microRNA
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implicated in regulating uterine invasion are associated with
malignancies when reactivated outside of the placental
context.13 Given the limited invasive potential of the
placenta under normal circumstances, there is likely to be
an additional layer of regulation controlling the placental
epigenetic response to both intrinsic and environmental
cues. Massive epigenetic reprogramming with loss of DNA
methylation occurs just after fertilization and prior to
implantation.44 The placenta and other extra-embryonic
tissue remain hypomethylated, even though methylation
increases with cellular differentiation, so that even at term,
the placenta is the most hypomethylated human tissue.44

Within the placenta, the various cell types have distinct
methylation profiles. Nutritional components, such as
folate, can alter placental and fetal methylation patterns.45

Placental methylation changes have been linked to pre-
eclampsia, IUGR, and preterm birth, although whether
these changes are causal or result from disease is
undetermined.44–46

5. Barrier dysfunction: As an interface, the placenta is respon-
sible for protection of the developing fetus from maternal
insults. For example, in the human placenta, fetal cortisol
exposure is controlled by expression of placental 11-β-
hydroxysteroid dehydrogenase (11βHSD), with maternal
cortisol metabolized to inactive cortisone primarily by the
enzyme isoform 11βHSD247,48 A recent study in an ex vivo
placental perfusion model also demonstrated that there
can be de novo synthesis of glucocorticoids in the placenta
on both fetal and maternal sides.49 Cortisol is the common
mediator of many programming events. High levels
of maternal cortisol due to stress, or impaired activity of
placental 11βHSD2 isoform due to stressors (e.g., hypoxia
or other insults) may lead to fetal tissues being exposed
to higher than normal glucocorticoid levels, suppressing cell
proliferation and inducing epigenetic changes.47,50,51

6. Maternal stressors: Stressors, such hypoxia or malnutrition,
may directly impact the developing fetus or alter gene
expression, thus altering offspring phenotype.52,53 Changes
in fetal cortisol exposure and inflammatory processes
have both been implicated. For example, in preeclampsia,
oxidative stress of the placenta caused by malperfusion
can elicit a sterile inflammatory response, releasing pro-
inflammatory cytokines into both the maternal and fetal
circulations.44,54 Furthermore, the effect of maternal stress
on the placenta is potentiated by the presence of
comorbidities, such as severe maternal obesity, which
alters the maternal inflammatory status and increases
fetal glucocorticoid exposure.55 Placental exposure to
cortisol also increases placental corticotropin-releasing
hormone (CRH), resulting in a positive feedback loop,
rather than the negative feedback loop seen in the
hypothalamus. Placental CRH has been postulated to play
a role in timing of parturition, as well as in fetal HPA axis
programming.56 As maternal cortisol increases, placental
CRH increases further increasing glucocorticoid production,
the placental enzymatic barrier is overwhelmed and the
fetal brain may be exposed to high glucocorticoid levels
that alter the trajectory of multiple neurodevelopmental
processes.56

THE ROLE OF PLACENTA IN SPECIFIC NEUROPSYCHIATRIC
DISORDERS
Autism
There is emerging evidence that the placenta plays a major role in
ASD pathogenesis.57 Human studies have focused on anatomical
placental differences and epigenetic risk, while animal studies

have begun to reveal potential mechanisms linking placental
dysfunction to later ASD-like behaviors.
Gross pathology of the placenta from ASD patients or patients

at increased risk of ASD suggests a correlation between placental
architecture and later ASD. Anatomical variations in the placental
chorionic surface vascular network may reflect both genetic and
environmental influences on vascular branching morphogenesis
and have therefore been explored in many pregnancy condi-
tions.58 In a cohort with an elevated risk of ASD, placental
evaluation revealed fewer branch points, thicker and less tortuous
arteries, better extension to the surface boundary, and smaller
branch angles than population-based counterparts.58 In another
histological study of placentas from the Early Autism Risk
Longitudinal Investigation network and National Children’s Study,
placentas from mothers who had a prior child with ASD were
thicker and rounder with a more regular perimeter compared to
placentas from the general population, suggesting restricted
placental responses to the in utero environment.59 In addition to
anatomical variations, histological evidence of placental inflam-
mation is increased in ASD patients. For example, a recent
retrospective review of placentas from individuals with ASD
showed significantly higher rates of acute generalized inflamma-
tion, fetal inflammatory response, and maternal vascular mal-
perfusion, especially in males.57 Currently, the relationship
between placental histology and placental function is not well
defined, but the correlations with ASD suggest that placentas may
reflect or even help to create an adverse environment for fetal
brain development.
Beyond histological studies, placental epigenetic modifications

suggest a link to ASD. The MARBLES (Markers of Autism Risk in
Babies: Learning Early Signs) prospective pregnancy study follows
high-risk younger siblings of children with ASD and has examined
placental DNA methylation. Clinical pregnancy features and
environmental exposures were correlated with methylation
changes. While the placenta is a hypomethylated tissue, it does
have partially methylated domains (PMDs), a specific embryonic
feature of the placental methylomes.60 The strongest, most robust
associations reported from MARBLES suggested that pesticide
exposures could alter placental DNA methylation more than other
factors, with professional pesticide application correlating with
higher than average genomic methylation and decreased
genomic PMDs.60 Whole-genome bisulfite sequencing of term
placentas from MARBLES revealed that human placental methy-
lomes have highly reproducible PMD and highly methylated
domain (HMD) locations, but that there was more variation
between PMD regions than HMD regions in individuals, making
interpretation of placental methylation data complex.60 However,
placentas from ASD diagnosed individuals showed genome-wide
significance of higher methylation in an HMD containing a
putative fetal brain enhancer near Delta-like protein 1 (DLL1).61

Preclinical animal models have also supported a link between
placenta and ASD-like behavioral features. When pregnant
rodents are treated with immunogenic agents [viral
polyriboinosinic-polyribocytidylic acid (polyI:C) or bacterial lipo-
polysaccharide (LPS)], acute viral infection or stress induction
in mid-pregnancy, the offspring frequently show ASD-like
behavioral features. Maternal inflammation and cytokine produc-
tion, especially interleukin-6, -2, and -17a (IL-6, IL-2, and IL-17a), is
particularly strongly correlated with neurodevelopmental impair-
ment in offspring.62–65 In another elegant study, IL-6 receptor was
specifically deleted only from placenta in pregnant dams exposed
to an inflammatory stimulus, leading to the blockade of brain
inflammation in the offspring.64

Additional environmental factors, such as vitamin D deficiency
(DVD), can contribute to placental cytokine response and
neurobehavioral outcomes. Vitamin D is an essential regulator of
immune function. DVD was found to have no effect on the
baseline inflammatory cytokines expressed in the placenta.
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However, when DVD rats received an inflammatory challenge, IL-6
and IL-1β placental production increased after polyI:C exposure
compared to control placentas, especially in males.66 LPS exposure
did not alter these cytokines in DVD rats. These results highlight
differences in placental response depending on both fetal sex
and immunological agent. In mice exposed to polyI: C, vitamin D
administration during gestation prevented ASD-like behaviors in
male offspring.67 These preclinical results suggesting that the
male fetus may be particularly vulnerable to maternal viral
exposures, a finding that reflects the human epidemiological
data.68 In addition, there is some epidemiological evidence that
low vitamin D, without obvious exposure to inflammatory agents,
may be a risk factor for ASD.69,70–73 The placenta can produce
vitamin D precursors that may protect the fetal brain against
glutamate excitotoxicity and enhance serotonin production.68,74,75

A recent meta-analysis suggested that higher concentrations of
25(OH)D in the prenatal period were associated with decreased
probability of autistic phenotypes.75

ASD is strikingly sex linked, with a 4× greater prevalence in
males than females.76,77 Whether this sex difference is linked
directly to placental sex is still unclear, but there is growing
evidence that changes in placental function may program later
sex-linked neurodevelopmental outcomes.53,78–80 A series of
studies by Bale and colleagues has provided strong evidence
that early pregnancy stress programs not only hypothalamic
development and feeding behaviors, but also long-term ASD-like
behaviors in mice in a sex-linked manner.80,81 Offspring of
pregnant mice exposed to stress during the first week of
pregnancy have increased placental insulin-like growth factor 2
expression and sex-specific changes in 11βHSD2.79 Placental
insulin receptor was also altered in this paradigm, with sex-specific
neurodevelopment consequences.78,82

Whether or not there is a female “protective effect” against ASD
or whether the female ASD phenotype is somewhat different
remains unclear, but X-linked gene expression suggests one
potential mechanism of protection and programming.77,83,84

Other core features of ASD, such as anxiety, can be produced
more readily in female offspring, an outcome potentially linked to
placental endocrine function or differences in fetal brain
programming.85,86

Schizophrenia
Several theories regarding the causative mechanism of schizo-
phrenia have been proposed that link the in utero environment
to later disease development.32,35,87–90 Epidemiological data
strongly supports an association between maternal viral illnesses,
particularly influenza infection, in early gestation with later
development of schizophrenia in offspring. Viral infections during
pregnancy often result in overexpression of IL-1β and IL-6, and
tumor necrosis factor-α by the placenta and the fetus. Maternal
infection may permanently affect the placenta and fetus either
through altered gene expression or epigenetic modification.36,88

Schizophrenia has been linked to insults that may occur early in
life and might be related to pregnancy (hemorrhage, preeclamp-
sia, or hyperglycemic conditions), or labor (birth asphyxia,
uterine rupture), or to fetal conditions such as IUGR or genetic
anomalies.91 Recent work by Ursini et al. has linked a multitude
of insults, defined broadly as early life complications (ELCs),
with placental genomic signatures that may increase the risk of
schizophrenia.42 Genetic risk for schizophrenia was defined as
polygenic risk scores derived from genome-wide association
studies done in independent populations from the United States,
Europe, and Japan. Report of ELCs greatly increased the
association of PRS with schizophrenia.42 The gene loci linked to
schizophrenia risk were highly expressed in placenta, were
increased in male placenta compared to female, and were
differentially expressed in placentas from complicated pregnan-
cies compared to normal. To definitively link these placental

genetic patterns with schizophrenia, there needs to be a collection
of placentas from a cohort enriched for later schizophrenia
(as is being done in the MARBLES study for ASD), but these new
findings support the need for such investigations. Intriguingly,
gene pathway analysis suggests that the interaction of ELC and
PRS is mainly driven by genes in the cellular stress response
pathways in the brain. Thus, a subset of the most significant
genetic variants associated with schizophrenia in conjunction with
the ability of the brain cells to respond to stress may determine
the final phenotype.42

In addition to a fetal genetic contribution to schizophrenia risk
via placental gene expression, there is likely to be a maternal
contribution. Abnormal brain levels of kynurenic acid (KYNA), an
endogenous antagonist of N-methyl-D-aspartate and α7 nicotinic
acetylcholine receptors, have been associated with schizophrenia-
like phenotypes in animal models.92 It was recently reported that
genetic alteration of maternal kynurenine 3-monooxygenase, and
thus fetal KYNA exposure, may lead to increased placenta and
brain KYNA, suggesting that maternal placental genotype may
also contribute to schizophrenic pathology.93 While studies on
schizophrenia risk related to placental function or gene expression
remain limited, they hint that the placenta is a key player in
controlling the impact of in utero genetic and environmental
risks that can later lead to schizophrenia.

Mood disorders
Both human and rodent studies have investigated the association
between maternal mood disorders or stress, respectively, in terms
of offspring resilience to stress and the later development of
mood disorders. The developing brain is highly sensitive to
glucocorticoids, which play a role in neuronal maturation as well
as programmed cell death. Many maternal stressors—depression,
trauma, and malnutrition—can alter maternal glucocorticoid levels
and affect the placenta. In addition, poor placental function that is
associated with IUGR can alter fetal glucocorticoid exposure.
Placental enzymes that regulate maternal–fetal glucocorticoid and
serotonin transfer appear to be key modulators of fetal brain
programming linked to maternal depression.94 11βHSD2 is highly
expressed in placenta, protecting the fetus from the normal
increase of maternal cortisol that occurs across gestation. Maternal
mood disorders are associated with disruption of this placental
barrier, in part by suppressing 11βHSD2 expression, leading to
abnormal neurodevelopment and potentially to mood disorders in
the offspring as well.95

Most studies have focused on alterations in cortisol and
serotonin because of their strong link to mood disorders.94 One
study aimed to link maternal mood with fetal distress and
epigenetic changes in placental genes. While perceived stress
(Perceived Stress Scale) was associated with altered methylation
patterns in the placenta, cortisol levels were not.96 Of note,
11βHSD2 methylation was significantly modified. Another study
prospectively assessed maternal depressive symptoms during
pregnancy and then explored both placental gene expression
for genes regulating glucocorticoid and serotonin levels in term
placentas from these pregnancies, as well as association of
depression with later infant regulatory behaviors.97 Higher
placental expression of the glucocorticoid receptor, encoded by
nuclear receptor subfamily 3 group C member 1, partly mediated
the association between maternal depressive symptoms during
pregnancy and infant regulatory behaviors. Such studies suggest
that maternal depression acts, at least partly, by altering
glucocorticoid action in the placenta leading to changes in fetal
cortisol exposure that program the neonatal neurobehavioral
phenotype.97

Genetically modified mouse models have been particularly
useful in beginning to provide a mechanistic link between
glucocorticoid exposure, placental alterations, and neurodevelop-
mental changes in the offspring. Mice in which 11βHSD2 is
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globally knocked out show increased anxiety and other abnormal
behavioral phenotypes.98 Placental-specific deletion of 11βHSD2
has not yet been reported, but results of such an experiment
could directly link placental enzyme loss with neurodevelop-
mental reprogramming.
In addition to changing fetal glucocorticoid exposure, genetic

loss of 11βHSD2 changes placental nutrient transport as well as
neurotransmitter pathways in the brain, including serotonin.99

Serotonin, a neurotransmitter highly associated to depression
and its treatment, is produced by the placenta in early gestation,
and regulates wiring patterns in the developing mouse forebrain.
In a series of elegant experiments, Bonnin et al.100 showed
that the source of serotonin guiding axon trajectories is not
maternal, but rather generated by a placental serotonin synthetic
pathway. This work provided early evidence for a new direct role
of placental metabolic pathways in modulating early fetal brain
development. Both rodent and human studies suggest that the
placenta can signal adverse maternal conditions, such as
depression and stress, to the fetus and that these signals may
produce long-lasting mental health disorders, including mood
disorders, in offspring. Better understanding of placental signaling
mechanisms and how these pathways may contribute to later
outcomes, including the intersection of the glucocorticoid and
serotonin pathways, may provide new placental biomarkers for
later risk of mood disorders, as well as new opportunities for early
interventions to increase resilience in offspring at risk.
Additional placental alterations have also been noted to occur

with maternal depression. One study showed aberrant placental
expression of several imprinted genes, including paternally
expressed gene 3 in male placentas. Human placental lactogen
expression was also significantly decreased in placentas from
women with clinically diagnosed depression and in those with
high depression scores.101 Whether these gene expression
changes are related to maternal cortisol levels or other factors is
unclear. Even more importantly, the extent to which placental
changes directly alter neurodevelopment and contribute to later
depressive disorders in offspring, particularly compared to the
significant contribution of genetic factors, is not yet clear.

Disorders of executive functioning
Executive functioning (EF) is the ability to function and utilize
working memory, inhibition, cognitive flexibility, goal selection,
organization, and planning. Recent research shows that learning
difficulties and behavioral problems are significantly associated
with EF deficits that are thought to stem primarily from prefrontal
lobe dysfunction. EF plays a critical role in cognitive development
and is vital to individual social and intellectual success.16 It has
recently been recognized that premature neonates exhibit EF
deficits later in childhood or adult life.102 While there is not yet any
data directly linking placental loss due to preterm birth directly to
this impaired EF, there is circumstantial evidence accumulating
for placental involvement. In a study from 2016, children born
prematurely were assessed up to 10 years of age. More than half
of the extremely preterm cohort exhibited moderate or severe
neurocognitive deficits at age 10 years, with the most extensive
impairments found among those born at the lowest gestational
age, the population that loses placental function at the earliest
time.17 A prospective study by Baron et al.103 showed that late-
premature neonates are also at higher risk for cognitive
impairment, although to a lesser degree, and that male gender
is an additive risk factor.103 In a separate study, late premature
neonates were divided into two categories based on the reason
for the premature birth—medically indicated premature delivery
versus spontaneous birth. Those delivered for medical indications
had higher levels of childhood attention problems, suggesting
that pregnancy complications motivating medical intervention
during the late-preterm period, complications that are primarily
due to placental dysfunction with preeclampsia and fetal growth

restriction, can increase the risk of EF.104 The lack of representative
animal models for EF deficits make mechanistic links difficult to
establish, but preclinical models of prematurity provide opportu-
nities to define the key placental factors that may be lost; human
studies can then determine these factors are deficient in preterm
infants and whether replacement improves EF and overall
cognitive development.105

CONCLUSION
Investigating placental changes associated with human neurop-
sychiatric outcomes has suggested a significant role for placental
programming, but mechanistic studies in preclinical models are
needed to demonstrate that some, or any, of these placental
changes are directly causal. The NICHD Human Placenta Project is
beginning to provide new tools to measure early human placental
function.106,107 Short- and long-term tracking of offspring from
studied pregnancies will require coordination between research-
ers, obstetricians, neonatologists, and other pediatrician, but
such studies would provide more precise correlations between
placental function and newborn reactivity and later psychological
development. Causal relationships are more difficult to demon-
strate, but genetic manipulations of rodent models are beginning
to reveal mechanisms that may underlie these associations. Many
questions remain to be definitively answered: what is the relative
importance of placental genetic versus epigenetic change in fetal
brain programming? To what extent will these associations
provide actionable information from which biomarkers can be
developed or even new interventions to reduce risk?
The complex maternal–fetal genetic and epigenetic milieu

maybe altered by a myriad of insults during gestation, subtly
changing placental function and only later presenting as
neuropsychiatric disorders. In utero insults, such as viral infection
or stress, may lead to very different neurodevelopmental out-
comes depending on both the insult and the timing of exposure.
However, common themes are emerging that suggest that the
placenta is a critical hub that combines information about
the in utero environment with signals that shape the
development of the fetal brain. There are emerging roles for both
genetic and epigenetic changes in placenta and brain, changes
that may be linked by inheritance as well as by environmental
modifiers that alter later risk. In addition, significant placental sex-
linked differences are becoming apparent across multiple
disorders and imply that interventions to reduce long-term risk
will require sex-specific approaches. The consequences of
impaired placental function may have life-long impact not only
on the mental health of individual offspring, but also on multiple
generations affected by both maternal conditions and epigenetic
placental changes.
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