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Abstract

All mammalian species depend upon the placenta, a transient organ, for exchanges of gases,
nutrients, and waste between the mother and conceptus. Besides serving as a conduit for such
exchanges, the placenta produces hormones and other factors that influence maternal physiology
and fetal development. To meet all of these adaptations, the placenta has evolved to become the
most structurally diverse organ within all mammalian taxa. However, commonalities exist as to
how placental responses promote survival of the fetus against /n utero threats and can alter the
trajectory of fetal development, in particular the brain. Increasing evidence suggests that placenta
reactions to various /n utero stressors may lead to longstanding health outcomes, otherwise
considered developmental origin of health and disease (DOHaD) effects. Besides transferring
nutrients and gases, the placenta produces neurotransmitters, including serotonin (5-HT),
dopamine, norepinephrine/epinephrine, that may circulate and influence brain development.
Neurobehavioral disorders, such as autism spectrum disorders (ASD), likely trace their origins
back to placental disturbances. This intimate relationship between the placenta and brain has led to
coinage of the term, the placenta-brain-axis. This axis will be the focus herein, including how
conceptus sex might influence it and technologies employed to parse out effects of placental-
specific transcript changes on later neurobehavioral disorders. Ultimately, the placenta might
provide a historical record of in utero threats the fetus confronted and a roadmap to understand
how placenta responses to such encounters impacts the placental-brain-axis. Improved early
diagnostic and preventative approaches may thereby be designed to mitigate such placental
disruptions.
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Introduction

All mammals and marsupials depend upon the placenta for initial survival. While ephemeral,
the placenta serves throughout gestation as the primary communication organ for exchange
of nutrients, gases, waste, and hormones between the dam and fetus. To meet these varying
requirements, evolutionary pressures have resulted in the placenta becoming the most
diverse of all organs in mammalian species (Reviewed in (Carter, 2007; Carter & Mess,
2007; Chavatte-Palmer & Guillomot, 2007; Enders & Carter, 2006; Georgiades, Ferguson-
Smith, & Burton, 2002). Even though some aspects of placental anatomy and hormones/
factors produced may differ across taxa, commonalities exist in the placenta of all species,
such as facilitating fetal growth, mechanisms to help maintain homeostasis, and production
of factors to safeguard pregnancy maintenance, otherwise termed maternal recognition of
pregnancy (R. M. Roberts, Xie, & Mathialagan, 1996).

The placenta must be able to recognize even the potential slightest alteration and respond
rapidly to fluctuating /n utero environmental changes, such as poor maternal nutrition or
obesity, maternal stress, infection/inflammation, or environmental chemicals. It is not clear if
the placenta of one sex over the other possesses greater ability to adapt and thereby buffer
the fetus to such changes. Should the placenta fail to respond or mount an insufficient
response to /n utero insults, the fetus may be at risk for developing later diseases, otherwise
considered developmental origins of adult health and disease(DOHaD) effects. While many
fetal organs depend upon the placenta to respond to /n utero environmental challenges and to
produce factors promoting fetal growth, the brain is one of the most vulnerable organs to
placental disruptions. Many neurobehavioral disorders likely trace their genesis back to
pathophysiological changes in the placenta (Green et al., 2015; Lesseur et al., 2014; Marsit,
Lambertini, et al., 2012; Paquette et al., 2013; Rosenfeld, 2015). Because of this intimate
connection between the placenta and brain, it has resulted in branding of the term, the
placenta-brain-axis, which will be the focus herein. The significance of this axis is that if
placental changes can guide fetal brain development, then they may also provide
mechanistic understanding of the fetal origin of neurobehavioral disorders, such as autism
spectrum disorders (ASD), and open up new early diagnostic and treatment avenues.

I will consider common mechanisms by which the placenta can affect fetal brain
development, including through production of neurotransmitters and transfer of nutrients to
the fetus. To examine how placental gene expression affects later neurobehavioral patterns,
conditional knockout (KO) mice have been crucial to our understanding. Examples of such
transgenic mouse models and later neurobehavioral alterations exhibited by them will be
discussed. The evidence linking human placental diseases, such as fetal growth restriction
(FGR) and preeclampsia (PE), and neurobehavioral disorders will be explored. Lastly, we
will consider sex as a variable in affecting the placenta-brain-axis.

Placental Production of Neurotransmitters

It has long been recognized that the placenta is a steroid hormone-producing organ.
However, placental production of neurotransmitters and its ability to regulate fetal brain
development through these factors is assumingly less well-recognized. This is despite the
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fact that for some neurotransmitters the placenta is likely the sole source during the initial
brain formation. In this section, we will consider three neurotransmitters produced by the
placenta that can circulate and influence the fetal brain: serotonin (5-HT), dopamine (DA),
and epinephrine/norepinephrine. The synthesis and metabolism of these neurotransmitters is
shown in Figure 1.

Serotonin synthesis requires L-tryptophan, which is hydrolyzed by tryptophan hydroxylase
(TPH1/2) to 5-hydroxytryptophan (5-HTP). Amino acid decarboxylase (AAAD) converts 5-
HTP to serotonin (5-HT). 5-HT is catabolized and assumingly inactivated by monoamine
oxidase A (MAO-A) stimulated conversion to hydroxyindoleacetic acid (5-HIAA).

Abundant evidence suggests that the placenta directly synthesizes 5-HT (Bonnin et al., 2011;
Bonnin & Levitt, 2011; Huang, Zhang, Di, & Zhang, 1998; Laurent et al., 2017; Muller et
al., 2017; Tuteja, Chung, & Bejerano, 2016). In the mouse placenta, the genetic machinery
to produce 5-HT increases from embryonic (e) 7.5 to 9.5 (Tuteja et al., 2016). One study,
however, suggests that the placenta relies on transport of maternal 5-HT (Kliman et al.,
2018). In our recently published studies, we found that exposure to the endocrine disrupting
chemicals (EDC), bisphenol A (BPA) and bisphenol S (BPS) lower the total concentrations
of 5-HT in the placenta (Mao et al., In Press). Additionally, we localized 5-HT to trophoblast
giant cells, which are in contact with the underlying uterine tissue, but the number of giant
cells staining immunopositive for 5-HT was reduced with BPA or BPS exposure (Mao et al.,
In Press). As the potential sole provider of 5-HT during early brain development, placental
hyposerotonemia or hyperserotonemia can disrupt early neural programming.

Autism spectrum disorders (ASD) presumably arise due to a range of intrinsic and extrinsic
factors, and alterations in placental production of 5-HT has been postulated to increase the
risk for ASD (Sato, 2013; Yang, Tan, & Du, 2014), FGR (Ranzil, Ellery, et al., 2019; Ranzil,
Walker, et al., 2019). Changes in placental 5-HT production might also increase the
likelihood of anxiogenic behaviors (Belmaker, Agam, & Bersudsky, 2008; Hendricks et al.,
2003).

One reason the brain may be susceptible to fluctuations in placental 5-HT is due the fact that
the placenta is apparently the sole source of this neurotransmitter during early brain
development (Bonnin et al., 2011; Bonnin & Levitt, 2011). During fetal brain development,
5-HT stimulates cell division, neuronal migration, cell differentiation, and synaptogenesis
(YYang et al., 2014). Hyperserotonemia at this time may cause a negative feedback loop that
inhibits 5-HT signaling by potentially suppressing the expression of its cognate receptors,
such as 5-HT1a, 5-HT1g, 5-HT2a, 5-HTog, 5-HToc, 5-HT3, 5-HT4, 5-HTg, and 5-HT>
receptors. Elevated fetal levels of 5-HT may also inhibit oxytocin production by the
paraventricular nucleus (PVN) of the hypothalamus but enhance calcitonin gene related
peptide (CGRP) in the central nucleus of the amygdala. Both oxytocin and CGRP promote
social behaviors and consequently, are implicated in ASD. While elevated concentrations of
5-HT from the placenta can disrupt early brain development, hyposerotonemia may also be
problematic as it can impair sensory, motor, and cognitive abilities, collectively leading to
ASD or other neurobehavioral disorders (Yang et al., 2014).
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Serotonin-reuptake inhibitors (SSRI) are increasingly being prescribed to combat depression
in pregnant women (Huybrechts et al., 2013; Mitchell et al., 2011). Besides altering 5-HT
concentrations available in the synaptic terminals of the maternal brain, such drugs care
likely to be transferred across the placenta and increase extracellular concentrations of 5-HT
within the placenta that subsequently circulates to the fetal brain. However, more work is
needed to determine the pharmokinetics and potential concentrations of SSRI in the placenta
of women prescribed these drugs. Moreover, the full range of placental effects of SSRI
remains uncertain but highly relevant given the mounting usage of these drugs to treat
depression in pregnant women.

Catecholamines- Dopamine, epinephrine, norepinephrine

Dopamine (DA) is another neurotransmitter that may be produced by the placenta where it
can induce direct effects through various DA receptors, including D1 and D2 receptors (Ben-
Jonathan & Munsick, 1980; H. J. Kim, Koh, Kang, Paik, & Choi, 2001; M. O. Kim et al.,
1997; Mao et al., In Press; Tomogane, Arbogast, Soares, Robertson, & Voogt, 1993;
Vaillancourt et al., 1994; Y. Zhu, Zhang, Chen, Liu, & Guo, 2002). Several lines of evidence
support the placental as a dopaminergic/adrenergic organ. Copious amounts of DA are found
in human amniotic fluid (Ben-Jonathan & Munsick, 1980). One of the primary actions of
DA is to inhibit prolactin secretion (Fitzgerald & Dinan, 2008; Grattan, 2015). A factor,
presumably DA, produced by a rat trophoblast line inhibits prolactin secretion both /n vitro
and /n vivo (Tomogane et al., 1993). Immunohistochemical analysis of human placenta at
various points throughout gestation reveals that during early pregnancy DA and
norepinephrine (NE) are localized to placenta cytotrophoblasts but then shift to being
expressed primarily by synctiotrophoblast cells during mid and late stages of pregnancy (Y.
Zhu et al., 2002). This study also found that the level of NE escalated in cases of pregnancy-
induced hypertension syndrome. We recently used to immunohistochemistry to show that
trophoblast giant cells of the mouse placenta are positive for DA, but developmental
exposure to the EDC, BPA or BPS increases DA immunoreactivity in these cells (Mao et al.,
In Press). Our recent results found the total amount of DA concentration in the placenta
increases with developmental exposure to BPA and BPS (Mao et al., In Press).

Analogous to SERT binding to 5-HT and causing transport and internalization of this
neurotransmitter into the trophoblast cells, similar receptors exist for the catecholamines.
These include norepinephrine transporter (NET) and extraneuronal monoamine transporter
(MET). Both of these receptors are expressed by the placenta (Bottalico et al., 2004).
Placentae from PE pregnancies show reduced mRNA expression for NET and MET
(Bottalico et al., 2004). The prevailing notion is that such receptors may prevent
catecholamine-induced vasoconstriction of placental vasculature, which ensures continuous
blood flow to the fetus. Higher levels of noradrenaline are fond in the bloodstream of PE
relative to normotensive women (Manyonda et al., 1998). The likely source of this
catecholamine is the placenta as greater activity of the rate limiting enzyme, tyrosine
hydroxylase, occurs in placental tissue from PE pregnancies. Whether this is a maladaptive
or beneficial response by the placenta in these cases remain unclear.
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Within the placenta, catecholamines have been suggested to regulate several other factors
and down-stream processes. In the sheep placenta, NE and/or DA regulate synthesis of
polyamines, secretion of the maternal recognition factor in ruminants, interferon-t (IFNT),
and expression of pro-apoptotic genes (Elmetwally, Lenis, Tang, Wu, & Bazer, 2018). In the
human placenta, NE appears to increase hCG and progesterone production by first trimester
tissue (Shi & Zhuang, 1993a, 1993b). Two human choriocarcinoma cell lines, BeWo and
JEG-3, express B-adrenergic receptors coupled to catecholamine-sensitive adenylate cyclase
(Moore & Whitsett, 1982; Moore, Workman, & Whitsett, 1982), which may be one
signaling pathway by which these catecholamines affect placental metabolism and hormone
production.

The current data thus provide robust support that the placenta can synthesize and respond to
catecholamines. It is not clear the extent these placental-derived neurotransmitters transits to
the fetal brain. Injection of radioactive precursors into the placenta and then measurement of
resulting radiolabeled catecholamines in the placenta and fetal brain may help answer this
question. Another method to address this outstanding question is the usage of conditional
knockout mice. While such transgenic mice have not been created for any of the enzymes
regulating synthesis and metabolism for 5-HT, DA, NE, or epinephrine, they have been
generated for other placental genes that in turn seemingly affects neural function, which will
be considered in the next section.

Usage of Placental-Specific Transgenic Mice to Examine Linkages Between

the Placenta and Brain

Cre/loxP transgenic mice have been invaluable in understanding how conditional deletion of
a certain gene in the placenta leads to later neurobehavioral disturbances. To create mice
lacking a select placental genes, current reports used mice with a Cre recombinase gene
under control of an introduced human CYP19 (exon 1.1) promoter (Wenzel & Leone, 2007).
A 501 base pair region within the first exon of CYP19 (exon 1.1) induces specific expression
of a reporter transgene in mouse synctiotrophoblast cells (Kamat, Graves, Smith,
Richardson, & Mendelson, 1999). Analysis of mouse placenta at various stages reveals that
the CYP19-Cre transgene is active by E6.5 only in diploid trophoblast cells committed to
differentiation but inactive in early undifferentiated trophoblastic stem cells (Kamat et al.,
1999). Moreover, expression in precursor cells giving rise to spongiotrophoblast cells or
giant cells is not complete until E11.5-E13.5, suggesting that any gene targeted for deletion
in trophoblast cells will be expressed prior to this embryonic period. Whether such early
trophoblast expression of the gene of interest affects fetal brain development remains
ambiguous. Even with this caveat, the current data with such conditional knockout mice
have yielded important mechanistic insight into how the expression of select placental genes
affects neurobehavioral functions.

Example genes that have been conditionally deleted in this manner include those associated
with inflammation and metabolism. Conditional deletion of interleukin 6 (IL6) signaling in
the placenta was done through generation of mice that were Cy19°"¢*: /16 receptor (r)"f
(Wu, Hsiao, Yan, Mazmanian, & Patterson, 2017). Maternal immune activation (MIA)
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causes acute inflammatory responses in the fetal brain. However, absence of IL-6 signaling
in placental trophoblasts blocks such responses in the placenta and fetal brain. Behavioral
abnormalities and cerebellar pathologies observed in control MIA offspring are mitigated in
Cy196re* 116 'l offspring.

In mice, maternal stress suppresses O-GIcNAc transferase (Ogt, an X-linked gene) in the
placenta of males but not females (Howerton, Morgan, Fischer, & Bale, 2013). Hemizygous
mice that conditionally lack Ogtin the placenta (PI-OGT) show similar gene expression
patterns in the placenta as males exposed to early prenatal stress (Howerton & Bale, 2014).
Functional enrichment analyses on differentially expressed genes suggest that mitochondrial
function is impaired in PI-OGT and EPS males. ChIP-Seq for the O-GIcNAc mark
reveals17p-hydroxysteroid dehydrogenase (Hsd1763) locus to be affected and reduced in
early prenatal stressed males who have associated reductions in testosterone conversion. Pl-
OGT adult offspring exhibit reduced body weight and enhanced responsivity of the
hypothalamic-pituitary-adrenal (HPA) axis.

Disruptions in placental insulin receptor (InsR) signaling can occur in response to a variety
of pregnancy complications, including gestational diabetes, intrauterine growth restriction,
and PE (Colomiere, Permezel, Riley, Desoye, & Lappas, 2009; Desoye, Hofmann, & Weiss,
1992; Li et al., 2014; Petropoulos et al., 2015; Rademacher, Gumaa, & Scioscia, 2007;
Street et al., 2011), and deficits in this placental signaling pathway may serve as the bridge
between maternal metabolic disorders and offspring neurodevelopmental disorders. To test
this hypothesis, transgenic mice with conditional deletion of InsR in fetal trophoblasts were
generated (Bronson, Chan, & Bale, 2017). The HPA stress response is enhanced in males but
not females lacking trophoblast InsR. These males also show deficits in sensorimotor gating.
Gene expression changes in the placenta of these males correlates with vasculature function,
amino acid transport, 5-HT homeostasis, and mitochondrial function. The brain of these
males have transcriptomic differences that collectively suggest impaired cortical
development.

Placental specific deletion of the /g2 PO transcript in mice results in intrauterine growth
restriction, an imbalance between fetal requirement and placental delivery of nutrients, and
notably, offspring become more anxious as they mature (Mikaelsson, Constancia, Dent,
Wilkinson, & Humby, 2013). The findings provide further support for a linkage between
placental responses and later offspring behavioral changes, but potential sex differences in
placental responses and later offspring behavioral disruptions were not considered.
Epigenetic modifications discussed in the next section may underpin such gene expression
changes in the placenta.

Placental Epigenetic Changes and Neurobehavioral Outcomes

Epigenetic changes are those that affect transcription or translation of a gene to the protein it
encodes but without altering the DNA sequence. Two main types of epigenetic changes,
DNA methylation and microRNA (miR) expression patterns, within the placenta have been
examined for potential associations with later neurobehavioral disruptions. While it is not
clear based on current reports if such placental alterations affect fetal brain development,
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they may at least serve as biomarkers to identify those children at risk of developing such
disorders. Thus, in this section, we will consider the studies to date linking such epigenetic
modifications and neurobehavioral deficits.

There are several cohort studies examining a variety of environmental, genetic, and other
factors that correlate with risk for ASD. One of the most longstanding cohorts is the Markers
of Autism Risk in Babies Learning Early Signs (MARBLES). A prospective study of high-
risk pregnancies as part of this cohort reveals that 400 differentially methylated regions
(DMR) distinguish placentas from offspring later diagnosed with ASD relative to those not
diagnosed with such disorders (Y. Zhu et al., 2019). DMR in CYP2E1 and /RS2 from
placenta of autistic children reach genome-wide significance with methylation at CYP2E1
positively correlating with ASD diagnosis and genotype within the DMR. An earlier study
done with the MARBLES cohort discovered that pesticide exposure significantly influences
placental DNA methylation patterns (Schmidt et al., 2016), suggesting that pesticides might
affect fetal brain development by altering the placental epigenome. Genome bisulfite
sequencing of human placentas from the MARBLES study provides strong evidence that
DNA methylation changes in the placenta might serve as barometers to identify those
children at risk of developing ASD (Schroeder et al., 2016).

Maternal stress and effects on the placenta-brain-axis have of been longstanding interest.
Glucocorticoids are considered one of the primary stress hormones. The placenta possesses
high concentrations of 113-Hydroxysteroid dehydrogenase 2 (118-HSD2) to shield the fetus
from maternal glucocorticoids by metabolizing cortisol to the inactive metabolite, cortisone
(P. Zhu, Wang, Zuo, & Sun, 2019). Select amounts of cortisol, however, might escape and
penetrate into the placenta whereupon they can bind and activates glucocorticoid receptors
(GR), encoded by the NR3CI gene. With this pathway in mind, several studies have
examined how extrinsic factors affect methylation of NR3CI and HSD11B2. Variance in
placental NR3CI methylation is associated with infant crying parameters, such as energy
variation and frequency in cry utterances (Sheinkopf, Righi, Marsit, & Lester, 2016).
Increased placental NR3C1 methylation correlates with increased infant attention and self-
attention but reduced lethargy and need for emotional soothing during the first postnatal
month (Stroud et al., 2016). Varying NR3C1 methylation is also associated with infant
quality of movement and attention (Bromer, Marsit, Armstrong, Padbury, & Lester, 2013).
Further analysis into DMR within NR3C1 establishes that CpG sites 5-13 is related to
increased cortisol activity and infant self-regulation (Conradt et al., 2015). Increasing
amounts of placental methylation of HSD11B2 coincides with low birth weight and reduced
scores for quality of movement (Marsit, Maccani, Padbury, & Lester, 2012). Examination of
the joint contribution of placental NR3CI and HSD11B2 methylation shows that infants
with low NR3CI methylation but high HSD11B2 methylation have low excitability scores
(Appleton, Lester, Armstrong, Lesseur, & Marsit, 2015). Those with high NR3C1
methylation but low HSD11B2 methylation demonstrated increased asymmetrical reflexes,
and infants with elevated methylation for both cortisol pathway genes exhibit higher
habituation scores. These differential effects are likely due to varying glucocorticoid
exposure and activity within the placenta during gestation.
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Besides placental 5-HT affecting neurobehavioral development, methylation of placental
HTRZA, the receptor mediating the effects of 5-HT, may also be involved. HTRZA
methylation associates inversely with infant quality of movement but positively with infant
attention (Paquette et al., 2013). Placental leptin (LEP) is another gene whose methylation
pattern is linked strongly with infant neurobehavioral outcomes. A 10% increase in LEP
DNA methylation correlates with a pattern of infant neurobehavior typified by increased
lethargy and hypotonicity (Lesseur et al., 2014). When considered together, methylation
patterns for 10 imprinted genes, DLX5, DHCR24, VTRNAZ-1, PHLDAZ, NPA1, FAM50B,
GNAS-AS1, PAX8-AS1, SHANKZ, and COPGZ2IT1 stratifies infants into those
characterized by reduced quality of movement, elevated indices of asymmetrical and non-
optimal reflexes, and increased likelihood of physiological stress (Green et al., 2015).

Alterations in miR expression profiles represent another type of epigenetic change that can
occur in the placenta and may modulate infant neurobehavioral patterns. One report that has
examined such epigenetic modifications reports that increased placental miR-16 expression
is negatively associated with attention score (Maccani, Padbury, Lester, Knopik, & Marsit,
2013). In contrast, miR-146a and miR-182 are positively related to quality of movement
score. Notably, miR-16, along with miR-15a, regulates SERT expression in human placental
and rat brain raphe cells (Moya, Wendland, Salemme, Fried, & Murphy, 2013).

Placental Histopathological Changes, Diseases and Neurobehavioral

Disorders

A handful of studies have considered the potential link between histopathological changes in
the placenta and later neurobehavioral disorders. Inclusion bodies with trophoblast cells may
serve as a good predictor of those children showing poor neurodevelopment and at potential
risk for ASD (Anderson, Jacobs-Stannard, Chawarska, Volkmar, & Kliman, 2007; Firestein,
Abellar, Myers, & Welch, 2017; Walker et al., 2013). A study examining 55 ASD cases and
199 neurotypical controls presenting at New York Methodist Hospital determined that
inflammation within the chorionic plate vessels and maternal vascular malperfusion are
strongly associated with increased risk for ASD in male but not female offspring (Straughen
et al., 2017). Inexplicably, placental villous edema relates to decreased risk of ASD in males.
Reductions in overall placental shape variability have been noted in high-risk ASD siblings,
which may suggest limited ability to adapt to /7 utero changes (Park et al., 2018).

In CD1 mice, maternal exposure to the inflammatory factor, IL-1, causes pronounced
pathological changes in the placenta and fetal brain (Novak et al., 2019). Both maternal and
fetal placenta of treated dams is hypoplastic, and correspondingly, cortical atrophy is evident
in the fetal brain. Maternal exposure to IL-1p upregulates mRNA expression for Afkb2and
Cxcl11. CD4* and CD8" infiltrates into these same placenta. IL-1p leads to maternal sub-
chronic and widespread inflammation with decrease pup survival and perinatal brain injury,
and such morbidities and mortalities may be due to resulting placentitis.

Besides maternal inflammation affecting the placenta-brain-axis, maternal starvation and/or
underperfusion to the placenta may also deleteriously affect both organs. To study how
placental underperfusion affectes fetal offspring brain development and birth weight,
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ligation of the uteroplacental vessel was performed in rabbit does at day 25 of gestation (llla
etal., 2017), whereas to examine effects of maternal undernutrition, does were subjected to a
70% reduction in basal intake at 22 days of pregnancy (llla et al., 2017). Both approaches
result in reduced birth weight with the placental underperfusion model also increasing
incidence of stillbirths. Offspring from both models exhibit compromised neurobehavioral
performance.

One of the most common placental diseases is PE. PE is characterized by gestational
hypertension and proteinuria with diagnoses most commonly after 20 weeks of gestation in
women who were previously symptom-free (Lisonkova & Joseph, 2013). The pathogenesis
of PE remains enigmatic as it is seemingly influenced by both genetic and extrinsic factors
(Oudejans, van Dijk, Oosterkamp, Lachmeijer, & Blankenstein, 2007; J. M. Roberts &
Cooper, 2001). Upon delivery or removal of the placenta, the disease symptoms resolve,
suggesting the placenta is the initiating organ. Early onset PE has been ascribed to improper
remodeling of the uterine spiral arteries by the invasive extravillous trophoblasts
(Pijnenborg, Vercruysse, Hanssens, & Brosens, 2011). With the overall PE incidence rate at
approximately 3.1% (Lisonkova & Joseph, 2013), increasing numbers of studies have
examined for potential linkages between PE and offspring neurobehavioral disorders,
especially ASD. The majority of the studies support an association between PE and
increased risk for ASD, as detailed below.

A linkage between ASD and PE was examined in children from 20 California counties with
517 being afflicted with ASD and 194 diagnosed with developmental delay (Walker et al.,
2015). Children were recruited through the California Department of Developmental
Services, the Medical Investigation of Neurodevelopmental Disorders (MIND) Institute, and
referrals. This retrospective study determined that children with ASD are two-times as likely
to have been exposed in uteroto PE. Analysis of approximately 88,000 births from 1996
through 2002 issued by the South Carolina Medicaid Program revealed that maternal PE/
eclampsia is associated with a significantly greater odds ratio of ASD in offspring with
reduced birth weight likely mediating some of these effects (Mann, McDermott, Bao,
Hardin, & Gregg, 2010). Comparison of 323 probands with ASD to 257 unaffected siblings
and 1504 neurotypical controls reveals that PE, polyhydramnios (too much amniotic fluid),
oligoamnios (insufficient amniotic fluid), placenta previa, umbilical cord knot, and
gestational diabetes correlate with autistic symptoms, in particular stereotyped behaviors and
socio-communication deficits (Chien et al., 2019). A retrospective population-based cohort
study with approximately 254,000 singletons from 1991 through 2014 exposed to PE and
those derived from healthy pregnancies found that children exposed prenatally to PE have a
significantly higher risk of developing a neurophychiatric morbidity during childhood
(Nahum Sacks et al., 2019), suggesting PE can lead to other neurobehavioral diseases
besides ASD. Meta-analysis based on 37,634 autistic and 12,081,416 non-autistic children
reported that prenatal factors that raise the likelihood of ASD include PE, spontaneous labor,
induced labor, no labor, breech presentation, and fetal distress, but it is not clear how these
factors may inter-relate to each other and whether they a play a causal or secondary role
(Wang, Geng, Liu, & Zhang, 2017). Analysis of singleton live births in Sweden from 1982
through 2010 that included 2,842,230 children with 54,071 diagnosed with ASD determined
that PE in absence of small for gestational age is linked with a 25% increase in the
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likelihood of developing ASD. An increased association exists though for developing ASD
in offspring who experience a combination of PE and small for gestational age (Maher et al.,
2019). The combined data provide robust evidence that pregnancies complications, such as
PE, which are associated with placental abnormalities, may increase the likelihood of
offspring developing ASD.

Sexually Dimorphic Differences in Placental Responses and Potential Risk

for Neurobehavioral Disorders

How the placenta responds to /n utero environmental challenges with examples provided
previously may differ based on the conceptus and correspondingly, one sex over the other
may be more vulnerable to programmed effects of an adverse gestational environment. The
preceding sections alluded to some cases where such sex differences in placental responses
have been noted. Sexually dimorphic differences in the occurrence of PE may also exist with
some studies suggesting that preterm PE tending to be more prevalent in women gestating a
female fetus (Liu et al., 2019; Schalekamp-Timmermans et al., 2017; Taylor et al., 2018),
whereas an extensive meta-analysis spanning studies from 1950 to 2015 comprised of non-
Asian individuals indicate this disease is more prevalent with mothers carrying male fetuses
(Jaskolka, Retnakaran, Zinman, & Kramer, 2017). It is clear though that males have a
greater likelihood of developing ASD with the reported odds ratio varying from 3 to 4:1
(Fombonne, 2008; Loomes, Hull, & Mandy, 2017; “Prevalence of autism spectrum
disorders--Autism and Developmental Disabilities Monitoring Network, 14 sites, United
States, 2008,” 2012). In this section, we will focus on how sexually dimorphic responses in
the placenta may occur and examine the evidence to date that later neurobehavioral deficits
may originate due to such placental sex differences.

A comprehensive discussion of how such sex differences in placental responses might occur
and studies providing support for the various mechanisms is provided in (Rosenfeld, 2015).
Briefly, several underpinning mechanisms may modulate sex differences in placental
responses. Differences in DNA methylation or other epigenetic changes can cause such
differences (Gabory et al., 2012; Gabory, Roseboom, Moore, Moore, & Junien, 2013;
Gallou-Kabani et al., 2010; Rosenfeld, 2012; Tarrade, Panchenko, Junien, & Gabory, 2015;
Tekola-Ayele et al., 2019). Changes in the expression of miR represent another type of
epigenetic change, as detailed above. In newborn girls, placenta miR-34a, miR-146a, and
miR-222 are positively associated with placental relative telomere length (Tsamou et al.,
2018). Telomeres represents repetitive nucleotide sequences that protects the end of the
chromosome from deterioration or fusion with other chromosomes, and this region of the
chromosome diminishes with age (Bernadotte, Mikhelson, & Spivak, 2016). Conversely,
elevated expression of placental miR-21 in newborn boys is only weakly associated with
shorter placental telomere length.

While the paternal X-chromosome is presumed to undergo X-inactivation exclusively in the
placenta, some genes on this X chromosome may escape such inactivation resulting in the
placenta of females expressing twice the number of gene copies as males (Gabory et al.,
2013). Several of the genes on the X-chromosome encode those involved in nutrient
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metabolism, which has considerable relevance should the conceptus experience a surfeit of
nutrients on undernutrition.

In support of this notion, we and others have reported that the mid-gestational placenta of
female mice mounts a more robust response to a maternal high fat diet, HFD (Gabory et al.,
2012; Gallou-Kabani et al., 2010; Mao et al., 2010). A recent study that examined the rat
placenta at day 21 of gestation in dams fed a HFD vs. a control diet also found sex
differences in the placental transcriptome with those of males demonstrating increased
plasticity relative to females (Lin et al., 2019). Pups of both sexes born to dams on a HFD
exhibited fetal growth restriction (FGR), and activation of the placental renin-angiotensin
system by this maternal diet was found to be associated with this disorder in both sexes. A
maternal HFD to mice results in increased placental macrophage activation and cytokine
gene expression that is enhanced in males but both sexes show reduced labyrinth thickness
and decrease trophoblast proliferation (D. W. Kim, Young, Grattan, & Jasoni, 2014).
Placental lipidomic profiles in rabbits also show sexually-dimorphic differences in response
to a maternal diet enriched in fat and cholesterol with stored fatty acid concentrations
increasingin the placenta of females relative to males (Tarrade et al., 2013). Triacylgycerol is
elevated, however, in these males (Tarrade et al., 2013). A systemic review of animal studies
further suggests that maternal obesity is associated with offspring neurobehavioral
disruptions as evidenced by elevated locomotor activity and anxiogenic behaviors (Menting
et al., 2019). Rhesus macaque offspring of mothers with increased baseline adiposity or
gestational weight gain display poor adaptability with exaggerated emotional responses and
reduced interest in novel stimuli (Walker, VandeVoort, Li, Chaffin, & Capitanio, 2018).
Correspondingly, they have greater suppression of cortisol following dexamethasone
administration. Whether such behavioral and other phenotypic changes are due to maternal
obesity acting on the fetal brain or through the placenta is uncertain.

In humans, the placenta of males but not females from overweight and obese women is
typified by increased activation of autophagosomal formation and autophagosome-lysosome
fusion (Muralimanoharan, Gao, Weintraub, Myatt, & Maloyan, 2016). Another study by this
group notably showed that maternal obesity associates with increased miR-210 but
decreased brain derived neural factor (BDNF) expression in female placenta, whereas
proBDNF and mature BDNF are reduced in male vs. female placenta in conceptuses
gestated by obese mothers (Prince, Maloyan, & Myatt, 2017). miR210 expression is
inversely correlated with mature BDNF protein. Tropomyosin receptor kinase B (TRKB,
BDNF receptor) phosphorylation at tyrosine 817 is elevated in male and female placenta
from obese women, but phosphorylation of mitogen-activated protein kinase (MAPK p38) is
solely increased in female placenta from these women (Prince et al., 2017). Collectively,
these data show that maternal obesity alters in a sex-dependent manner BDNF/TRKB/
MAPK p38 signaling in the placenta. Placenta of lean women with a male fetus have higher
supraoxide dismutase (SOD) activity and total antioxidant capacity (Evans & Myatt, 2017).
On the other hand, placenta from obese women with a male fetus contain increased amounts
of carbonyls and nitrotyrosine, and as a potential compensatory mechanism, these placentas
have elevations in glutathione peroxidase and thioredoxin reductase activity. The collective
findings from this latter study reveal that the placenta of males derived from lean mothers
possess the greatest antioxidant activity, but such protective responses are abolished with
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maternal obesity, which may account for later adverse outcomes in sons, in particular those
born to obese mothers (Bridgman et al., 2018; Greene-Cramer et al., 2018).

The above studies suggest that a maternal HFD results in sex differences in placental
anatomy and physiology. However, the current data do not establish causation that such
placental changes increase the risk of neurobehavioral disorders in one sex over the other.
Maternal stress has been another extrinsic factor extensively examined as to how it affects
placental function and later neurobehavioral outcomes and will thus be considered.

As detailed above, maternal stress suppresses Ogt (an X-linked gene) in the placenta of male
but not female mice (Howerton et al., 2013). Coding genes and miR expression patterns are
disrupted in the hypothalami of placental-specific hemizygous OGT mice. Another study
showed that maternal corticosterone exposure in mice increases Akt-O-GlcNacylation that
associates with decreased phosphorylation in male placentas only (Pantaleon, Steane,
McMahon, Cuffe, & Moritz, 2017). In contrast, control female placenta have an upsurge in
basal OGT and OGT/GR complex relative to control male placenta. Maternal corticosterone
exposure does affect these levels, but female placenta from this group demonstrate increased
global O-GlcNacylation, whereas corticosterone exposure raises OGT and OGT/GR
complex with no alteration in O-GlcNacylation.

Maternal stress in mice induces expression of Pppara, Igfbpl, Hifa, and Glut4in male but
not female placentae (Mueller & Bale, 2008). Males subjected to maternal stress during
gestation develop several maladaptive stress responses, namely anhedonia (inability to
experience pleasure), and deficits in the hypothalamic-pituitary axis (HPA). Other placental-
neurobehavioral comorbidities are observed in prenatal stressed male mice, such as up-
regulation of proinflammatory cytokines (//6 and //10) in the placentae, stress-induced
locomotor hyperactivity, and alteration of neural expression of DA D1 and D2 receptors
(Bronson & Bale, 2014). Maternal exposure to dexamethasone stimulates sex-specific
transcriptome changes in the mouse placenta at E18.5 based on RNA-Seq analysis with male
placenta showing activation of various inflammatory response-related genes, chemokines,
and their receptors (Lee et al., 2017). Another study testing the effects of maternal
dexamethasone exposure on placental protein expression patterns found that placenta of
control females have increased expression of glucocorticoid receptor (GR) (a-A and P
variants) in the cytoplasm than control male placenta, whereas GRa-C is elevated in the
nucleus of control female relative to control male placenta (Cuffe, Saif, Perkins, Moritz, &
Clifton, 2017). Maternal dexamethasone triggers the cytoplasmic expression of GRa-A in
the cytoplasm but suppresses the expression of GRa-C in male placenta. Increased
expression of GRa-C-regulated genes, SgkZ and Bc/2/11 occurs in females placenta
exposed to dexamethasone. Effects of dexamethasone in spiny mouse have also been tested
(O’Connell, Moritz, Walker, & Dickinson, 2013). Female placenta of this species normally
have greater amounts of glycogen at day 25 of gestation with parturition occurring at
approximately 39 days. Dexamethasone treatment to the dams initially decreases expression
of Gsk3b, Gys1, Gbel, Foxol, and UgpZ2in male and female placenta, but only females
from this group have reductions in placental glycogen amounts. In male placenta, reductions
in Gsk3band UgpZ persist through to day 37 of gestation.
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In rats, advanced maternal age leas to differences in placental responses and structure
relative to placenta derived from pregnancies with younger dams, and such differences may
also be sex-dependent (Napso, Hung, Davidge, Care, & Sferruzzi-Perri, 2019). In female
placenta of aged dams, placental transport and endocrine regions are enlarged with
elevations in insulin-like growth factor 2 (/g72) and placental lactogen (Pr/361). Female
placenta from aged dams also display heightened glucocorticoid metabolism with elevations
in 11bhsd2 expression, whereas, the opposite is the case with male placenta from these same
dams who show reductions in this gene. Both male and female placenta of aged dams are
noted for increase oxidative stress, but apoptosis is only prominent in the male placenta from
these dams. In contrast to the sex differences observed in the placenta, advanced maternal
age causes FGR in both males and females.

11B-HSD1 and 11p-HSD2 were examined in the placenta of sons and daughters for
pregnant women treated with a single course of betamethasone between 23-34 weeks of
gestation (Braun et al., 2018). Males exposed to this glucocorticoid, especially those born
prematurely, have increased 11p-HSD2 protein concentrations in the placenta. Such a
response may serve as a protective mechanism as females whose placenta show reduced
concentrations of this enzyme following betamethasone exposure exhibit increased amounts
of maternal cortisol transferred across the placenta, and these daughters have an associated
reduction in head circumference and risk for heightened stress responses in adulthood.

Taken together, the data suggest that maternal stress due to intrinsic factors or
pharmacological induction leads to sex-dependent differences in placental responses with
the placenta in male rodent models in general being more vulnerable to such maternal
stressors that may in turn increase the risk for later neurobehavioral deficits. Additional
retrospective studies with humans and non-human primate models are needed to determine if
in contrast to rodents, the female placenta is more vulnerable to maternal stress in these
species. If so, it is not clear how well the maternal stress-induced rodent studies may
actually mirror those resulting in the human placenta.

Conclusions

While the placenta is an emphermal organ, how it responds to /in7 utero environmental
challenges can lead to long term consequences on offspring health. Nowhere is this truer
than in the brain where early on in development it depends upon the placenta for nutrient
delivery, oxygen, and as it is increasingly becoming recognized, neurotransmitters. The
primary neurotransmitters conveyed from the placenta to the brain include 5-HT, DA, and
NE/epinephrine. Anything that compromises the delivery of these factors from the placenta
to the brain can lead to deleterious health consequences, including risk for neurobehavioral
disorders. Increasing usage of SSRI by pregnant womenplagued with depression is thus of
major concern. While some studies have begun to examine how these drugs affect the
placenta (Clabault, Cohen, Vaillancourt, & Sanderson, 2018; Clabault, Flipo, et al., 2018;
Hudon Thibeault et al., 2017; Laurent et al., 2016), more experiments are needed to
determine what concentrations of these drugs are reached in the placenta and whether such
drugs affect the placental-brain-axis.
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Conditional transgenic mice that lack select metabolic, growth-dependent, and inflammatory
genes in trophoblast cells have been invaluable in teasing apart their role in the placenta and
later neurobehavioral outcomes, including those that may be sex-dependent (Bronson et al.,
2017; Howerton & Bale, 2014; Mikaelsson et al., 2013; Wu et al., 2017). Conceivably, the
usage of lentiviral vectors and CRISPR/Cas9 system will allow for greater ability to
manipulate placental gene expression patterns (Tobita, Kiyozumi, & lkawa, 2017) and then
study resulting neurobehavioral outcomes. This procedure could also be used to perform
therapeutic genome editing in the placenta and thereby prevent later neurobehavioral
disorders whose genesis traces its origins back to placental dysfunction. Thus, a better
understanding of how transcriptome changes in the placenta affects such diseases may
pidentify potential biomarkers for early diagnosis and be exploited for therapeutic purposes.

Epigenetic changes in the placenta that include DNA methylation alterations and changes in
mIR expression are other potential barometers of later neurobehavioral disorders, especially
ASD. As with transcript changes, such epigenetic modifications may provide both early
biomarkers for detection of such diseases and serve as the basis for interventionary
approaches. Accumulative histopathological changes in the placenta may provide valuable
insights into stressors the placenta was exposed to during gestation and potential diseases
that may be of concern as the infant matures. Based on the studies to date, clinicians should
consider routinely performing histological examination of term placenta from newborn
infants. While there are clear linkages between PE and ASD and other neurobehavioral
disorders, even subtle changes in the placental architecture might provide valuable clues as
to the /in utero challenges that sculptedd both the placenta and developing fetus and ensuing
DOHaD effects.

When considering how maternal stressors impact the placental-brain-axis, the placenta
should be regarded as a sexually dimorphic organ with one sex possibly more vulnerable
than the other. Such sex differences may arise due to improper inactivation of the X-
chromosome, epigenetic changes, or other mechanisms. However, the net result is that
changes in maternal diet, stress, and exposure to other extrinsic factors are likely not handled
in the same manner in male vs. female placenta. Depending on the stressor and species, the
placenta of one sex may be better equipped to adapt and confront such /n utero fluctuations.
In this sense, the placenta might serve as the gatekeeper to prevent pernicious factors from
reaching the fetus. A muted or maladaptive placental response to such /n utero changes
might causes a permanent stamp on the fetus with the offspring developing neurological and
other disorders with age. Thus, the cumulative placenta responses in each sex are important
variables to consider in trying to understand fetal programming of later diseases.

In sum, the placenta and fetal brain are inextricably linked. A better understanding of how
the placenta responds to /n utero stressors it encounters will likely yield mechanistic insight
into neurobehavioral and other disorders with a DOHaD-basis and potential avenues to
thereby diagnosis and treat such diseases at the outset.
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Norepinephrine (NE) and Epinephrine
Synthesis and Metabolism
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Synthesis and metabolism of 5-HT, DA, and NE/Epinephrine. All three of these
neurotransmitters can be synthesized and metabolized in the placenta. In the placenta, these
neurotransmitters may induce autocrine and paracrine effects. Active concentrations of these
placental-derived neurotransmitters can also circulate and influence fetal brain development.
Chemical structures are from www.chemspider.com/. The first panel of this figure has been
modified from (Rosenfeld, 2019).
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