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A B S T R A C T

The placenta plays a critical role in mammalian reproduction. Although it is a transient organ, its function is
indispensable to communication between the mother and fetus, and supply of nutrients and oxygen to the
growing fetus. During pregnancy, the placenta is vulnerable to various intrinsic and extrinsic conditions which
can result in increased risk of fetal neurodevelopmental disorders as well as fetal death. The placenta controls the
neuroendocrine secretion in the brain as a means of adaptive processes to safeguard the fetus from adverse
programs, to optimize fetal development and other physiological changes necessary for reproductive success.
Although a wealth of information is available on neuroendocrine functions in pregnancy, they are largely limited
to the regulation of hypothalamus–pituitary–adrenal/gonad (HPA/ HPG) axis, particularly the oxytocin and
prolactin system. There is a major gap in knowledge on systems-level functional interaction between the brain
and placenta. In this review, we aim to outline the current state of knowledge about the brain-placental axis with
description of the functional interactions between the placenta and the maternal and fetal brain. While de-
scribing the brain-placental interactions, a special emphasis has been given on the therapeutics and pharma-
cology of the placental receptors to neuroligands expressed in the brain during gestation. As a key feature of this
review, we outline the prospects of integrated pharmacogenomics, single-cell sequencing and organ-on-chip
systems to foster priority areas in this field of research. Finally, we remark on the application of precision
genomics approaches to study the brain-placental axis in order to accelerate personalized medicine and ther-
apeutics to treat placental and fetal brain disorders.

1. Introduction and overview of placenta

Pregnancy establishment and success involve complex cellular,
molecular and physiological processes. The fertilized egg divides and
develops into a blastocyst which then adheres and nidates into the
endometrium. For implantation to occur, an implantation competent
blastocyst must be superimposed on a receptive endometrium. Then a
precise orchestration of apposition and attachment processes ensues
invasion of the trophoblast cells to penetrate the endometrial epithe-
lium and invade into the endometrial stroma [1,2]. Human placental
development starts with attachment of the blastocyst to the en-
dometrium epithelium on days 6–7 after conception. At this stage, the
blastocyst consists of an outer single-layered epithelial cover and an
inner cell mass. The trophoblast which is the outer layered epithelial of

blastocyst acts as the direct precursor of the epithelial parts of the
placenta which develops into a functional barrier between mother and
fetus. The inner cell mass of the blastocyst contributes to the develop-
ment of placental mesenchyme and the fetal vascular system.

The placenta develops to a fully functional fetomaternal organ in
which the blastocyst that forms the fetus forms the fetal placenta
(Chorion frondosum), and the maternal uterine tissue contributes to the
formation of the maternal (Decidua basalis) component [3]. While
maternal blood comes into direct contact with the fetal chorion, fetal
blood (deoxygenated) comes in contact with the placenta via umbilical
arteries. Besides metabolizing and transferring nutrients to the growing
fetus, the placenta also functions as an organ to mediate the removal of
waste products such as urea, uric acid, and creatinine from the fetus to
the maternal blood. The placenta is the only organ that is formed by the
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interaction of the maternal and fetal tissues. Both the mouse and human
have hemochorial placentation, the maternal blood comes in direct
contact with the fetal chorion [4]. The main functional unit within the
placenta is the labyrinth zone and the villus compartment in the mouse
and human, respectively. As gestation advances, the placenta continues
to develop and adapt to support fetal health and development. The
adaptive ability of the placenta is evident from its function that ensures
the development of the fetus in stressful conditions such as hypoxia and
undernutrition [5]. Various physiologic stressors around conception
and during pregnancy can manifest in pregnancy complications and
miscarriage. Among pregnancy disorders associated with placental
dysfunction, preeclampsia is distinctive because of its impact on both
maternal and fetal well-being. Preeclampsia is associated with fetal
growth restriction as well as damage to several organs. Several studies
have suggested that secreted placental products, such as soluble VEGF
receptor (sFlt) and placental growth factor (PlGF), have a role in pre-
eclampsia progression [6].

The placenta also protects the fetus by preventing transmission of
infectious diseases from the uterus. In addition, the placenta also acts as
a pivotal endocrine organ to produce different hormones, monoamines,
and steroids. Interaction of specific corticotropin-releasing hormones
with oxytocin, neurosteroids, and prostaglandins influences activities
during early as well as late in pregnancy. The brain not only plays a
central role in controlling all aspects of homeostatic processes [7], but
also functions with endocrine organs to regulate diverse physiological
and metabolic processes relating to development, reproduction, aging
and diseases [8]. The hypothalamus acts as the central part of the brain
to orchestrate coordinated interaction with different endocrine systems:
the hypothalamic–pituitary–adrenal axis (HPA), hypothalamic–pitui-
tary–thyroid axis (HPT), and hypothalamic–pituitary–gonadal axis
(HPG). They control various secretions involved in diverse physiolo-
gical processes [9,10]. Dysregulation of neuroendocrine signaling
during pregnancy and parturition can affect the activities of the pla-
centa and fetal membranes during gestation [11]. Thus, understanding
the functional links between the brain and reproductive system is es-
sential to obtain better insights into the molecular complexity of
pregnancy and to develop novel therapeutic targets to protect the de-
veloping fetus from environmental stressors.

2. Placenta and maternal brain connection

During pregnancy, the maternal brain undergoes temporal changes
at different level. Pregnancy changes the maternal brain for at least two
years following birth, including enhancement of key hippocampal
functions in human [12,13]. Study also suggests that changes in hor-
mone levels during late pregnancy and early postpartum influence
specific cognitive abilities in women [14]. During pregnancy, many
women experience varying symptoms relating to brain, often referred
to as ‘pregnancy brain’, including forgetfulness, increased ab-
sentmindedness, and memory disturbances [15]. These findings have
suggested that pregnancy may lead to temporal alternation in the ma-
ternal cognitive function and behavior in women but it is not known if
those changes are dependent upon the gestational stages. In rodents,
study shows that changes in the maternal brain during pregnancy
regulate maternal behaviors such as pup retrieval and nest building in
mice [16]. Furthermore, transcriptome analysis shows that the ex-
pression level of specific genes is altered in the maternal brain during
pregnancy [17,18]. However, a direct functional link between placenta
and maternal brain has not been demonstrated yet. Our recent studies
based on gene expression data found evidence for functional links be-
tween the placenta and maternal brain [17]. Correlated expression of
genes, including those encoding different ligands and receptors, have
been identified between placenta and the maternal brain in that study.
Similarly, it has been shown that placental dysfunction alters the gene
expression in the maternal brain, and those changes have potential to
affect maternal behavior [18].

2.1. Neuroendocrine signaling

The placenta forges a physical link between the mother and fetus.
Though its primary function is to deliver nutrients and oxygen to the
fetus as well as to remove waste products, placental functions are far
more than we think. The placenta acts as an endocrine organ and se-
cretes endocrine, paracrine and autocrine neuroactive signaling mole-
cules [19] that regulate the function of other endocrine glands to effect
maternal adaptation to pregnancy. Several neuroactive hormones, such
as oxytocin, melatonin, serotonin, and thyrotropin-releasing hormone
(TRH) target the maternal brain [20]. The oxytocin targets the maternal
brain to stimulate maternal nursing behavior [21]. Serotonin and
melatonin play major roles in determining the maternal mood and
behavior during pregnancy and postpartum period [22]. TRH stimu-
lates the release of thyrotropin hormone from the anterior pituitary
gland. The excess amount of thyrotropin during pregnancy is critical to
stimulate the secretion of the prolactin-like hormone [23].

The placenta produces different protein hormones (human chor-
ionic gonadotropin, placental lactogen), growth factors (IGF-1, TGFB,
EGF, VEGF), steroids (Estrogens, Progesterone), peptide hormones
(CRH, GnRH, NPY, Kisspeptin, Oxytocin, adrenomedullin), and adipo-
kines (Leptin, Adiponectin, Resistin, Ghrelin). In addition, different li-
gand-receptor pairs are coordinately expressed between the placenta
and maternal brain in pregnant mice including the brain-derived neu-
rotrophic factor (Bdnf) and its corresponding receptor (TrkB) [17].
BDNF stimulates the growth and survival of trophectoderm cells in the
placenta and has a biologic role in placental response to adverse ma-
ternal effects such as obesity and fine particle air pollution [24]. Efna1
ligand gene is expressed in the placenta with Eph receptor genes such as
Epha3, Epha4, Epha5, Epha6, Epha7, Epha8, Ephb1, and Ephb6 are ex-
pressed in the maternal brain [17]. Likewise, Efna3 and Efna5 ligand
genes are expressed in the maternal brain, and their corresponding
receptor (Eph1) is expressed in the placenta. The Eph receptors are
protein-tyrosine kinases that have a role in both healthy placental de-
velopment and placental pathologies, such as preeclampsia [25,26].
The RNA-seq data [17] showed a set of 23 pairs ligand genes and their
cognate receptor genes which are coordinately regulated in the pla-
centa relative to the maternal brain and fetal brain on gestation day 15
in mice (Fig. 1). These ligands and receptors may be expressed in other
tissues and physiological conditions. But there is no study to support if
any other tissue regulates those genes in a coordinated manner as seen
between the placenta and brain during pregnancy. Based on hier-
archical cluster analysis of gene expression level (accession#
GSE121799), the receptors in the placenta are expressed in more closely
manner with the fetal brain than the maternal brain. On the other hand,
the expression of ligands is highly variable and also distinct in the
placenta relative to both the maternal and fetal brain. This supports the
idea that differential regulation of ligand and receptor genes between
placenta and brain may be involved in placental communication with
the mother and fetus.

The differentially regulated genes between the placenta and ma-
ternal brain are associated with regulation of immune system process,
neuron development and differentiation, cell surface receptor signaling,
and metabolic regulation [17]. A mouse model [18] was developed to
study placental function by crossing the house mouse and the Algerian
mouse. The maternal brain of house mouse females carrying hybrid
litters after mating with Algerian mouse males showed a similar gene
expression (Drd3 and placenta-specific gene families) to that of Algerian
mouse females. Also, significant changes in the gene expression of
Formin 1, Dopamine receptor 3 (Drd3), Calneuron 1 and Cathepsin R was
observed in the maternal brain [18]. These findings have demonstrated
the influence of the placental genome on maternal brain and have
confirmed the interplay between the placenta and maternal brain.

S.K. Behura, et al. Pharmacological Research xxx (xxxx) xxxx

2

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE121799


2.2. Balancing the energy equation

Placental adaptation and positive energy balance are two major
mechanisms in pregnancy that ensure energy requirement to meet the
enhanced physiological and metabolic activities in gestating mothers.
Placental adaptation includes structural changes such as enlargement of
the labyrinth exchange zone and increase in the rate of nutrient
transportation [27–29]. Increase in food intake and nutrient absorption
as well as depositing fat in the body is used as means to generate a
positive energy balance during late pregnancy for optimal fetal growth
and also during lactation [30,31]. How the normal homeostatic me-
chanisms are modified in pregnant females is still largely unknown. But,
mitochondria function plays a major role in energy metabolism and
other homeostatic requirements by the placenta and brain during
pregnancy [32,33]. In that regard, it has been shown that mitochon-
drial gene expression in placenta is significantly associated with dif-
ferent maternal psychological stresses during pregnancy [34]. Besides
the role of mitochondria in placental function, mitochondria also play a
role in the aging of brain [35]. It has also been shown that lifetime
stress is associated with the copy number of mitochondrial DNA
(mtDNA) in the placenta [36].

The placenta is also involved in the pregnancy-induced resistance to
the anorectic actions of leptin. Placental lactogen and prolactin play an
important role to regulate this resistance during pregnancy.
Pseudopregnant rats exhibit prolactin surges at early pregnancy, but
they lack the chronic increase of placental lactogen [37]. Although food
intake is increased in pseudopregnant animals due to the effect of early
prolactin surges, they are able to develop a leptin-induced anorectic
effect. Importantly, chronic intracerebroventricular infusion of pro-
lactin in these pseudopregnant rats results in acquiring the resistance to
leptin-induced decrease in food intake [38]. This evidence demon-
strates that the placenta plays a key role in balancing the energy
equation through its communication with the maternal brain.

2.3. Uterine influence on the brain-placental axis

Conditional knockout of Foxa2 in the mouse uterus altered gene
expression of the placenta on gestation day 15 suggesting uterine in-
fluence on the brain-placental axis [17]. Thus, it is imperative to discuss

different uterine changes during pregnancy, and relate those to the
placental development and function. The uterus is a complex organ
consisting of three major tissue compartments (epithelium, stroma, and
myometrium) and two epithelial cell types; luminal epithelium (LE) and
glandular epithelium (GE) (1–3). Dynamic and cell-type specific actions
of ovarian estrogen (E2) and progesterone (P4) regulate endometrial
function, blastocyst implantation, stromal cell decidualization and
placentation. In humans and rodents, the establishment of pregnancy
requires different processes in the uterus such as ultra-structural
changes of the LE and GE, secretory transformation of the uterine
glands, differentiation of the stroma into decidual cells, recruitment of
specialized immune cells, vascular remodeling, and placenta develop-
ment. Insufficiencies in any of these processes may compromise preg-
nancy and impact fetal-maternal health [39,40].

In mice, the initiation of the attachment reaction, occurring be-
tween 2200–2300 h on day 4 of pregnancy, is followed by extensive
stromal cell proliferation surrounding the implanting blastocyst which
is evident by the morning of day 5. The epithelial cells surrounding the
implanting blastocysts are removed through the process of entosis and
apoptosis beginning on the night of day 5. Between day 5 and 6 of
pregnancy, stromal cells, adjacent to the implanted blastocyst at the
antimesometrial pole of the uterus, cease proliferating and begin dif-
ferentiation. These cells form the primary decidual zone (PDZ), an area
that is avascular and epithelioid [41,42] (40–42). Stromal cells bor-
dering the PDZ continue to proliferate and differentiate into cells
forming the secondary decidual zone (SDZ), which are polyploid and
located in the antimesometrial pole [43,44]. Placental and embryonic
growth begin to replace the SDZ after day 8 of pregnancy, reducing it to
a thin layer of cells referred to as the decidua capsularis. The decidual
cells formed on the mesometrial side of the uterus are termed the de-
cidua basalis and remain throughout pregnancy [43,44]

Although many of the molecular mechanisms involved in the pro-
cesses of establishment of a successful pregnancy are similar in the
human compared to the mouse, many noteworthy differences are ob-
served. In human, nidation of the blastocyst begins about day 7 and is
complete by days 10–12 following fertilization [45–47]. As the tro-
phectoderm of the blastocyst begins to attach and adhere to the epi-
thelium, the cytotrophoblast begins to differentiate and form a syncy-
tiotrophoblast that then penetrates between the LE cells into the

Fig. 1. A) Expression of ligand and receptor pairs between placenta and brain in mice. The ligands are shown as ‘O’ and receptors as ‘)’. B) The expression of placental
(P) expression relative to the maternal brain (MB) and fetal brain (FB) is shown.
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stroma. The implanted conceptus becomes encapsulated within the
superficial endometrium and is surrounded by decidualizing stromal
cells, providing a conducive environment for placental development
[45,48].

2.4. Coping with external conditions

In pregnancy, high levels of chronic stress may cause health pro-
blems to both the mother and fetus. It has been shown in cattle that heat
stress during pregnancy can perturb endocrine dynamics and decreases
the birth weight of calves [49]. In sheep, the increase of maternal stress
hormones during pregnancy elevates postnatal blood pressure [50]. In
human, maternal stress during pregnancy increases the risk of neuro-
developmental disorders such as autism spectrum disorders, hyper-
activity disorder and schizophrenia [51–55]. Normally, such harmful
impacts of pregnancy-associated stress are responded by activation of
an allostatic mechanism that mitigate neuroendocrine stress responses
[56]. Although the placenta could be a target of maternal stress, its
neuroendocrine function plays a role in reducing the responsiveness of
maternal HPA axis to acute stressors [57]. The placental secretions help
the mother to prepare, accommodate and provide the care for the fetus
against stress [20]. Prolactin-like protein A (Plpa) is produced by the
chorioallantoic placenta. In contrast to wild-type mice, which can adapt
hypoxic stress and maintain pregnancy, Plpa knockout mice are sensi-
tive to hypoxic stress. The placenta of Plpa null mutant mice is un-
derdeveloped and show aberrant vasculature with subsequent inability
to support and maintain pregnancy [58]. These findings have shown
that the placenta is not an isolated organ to provide the contact be-
tween the mother and her fetus, but it acts at different levels to ensure
the ability of the mother to support pregnancy and to provide the care
for the newborn.

2.5. Relationship between parity and the maternal brain

Studies have also shown that parity may have a functional link with
learning or memory of brain during pregnancy, possibly due to the prior
steroid exposure during pregnancy [59]. Paris and Frye 2008 [59] as-
sessed cognitive function of mice brain to object placement and re-
cognition tasks between nulliparous (no prior pregnancy) and multi-
parous (with previous pregnancies) rats, and found that multiparous
animals performed better in object placement and recognition tasks
compared to rats that were never pregnant. This finding suggested that
parity does influence learning and memory of pregnant females, and
such behaviors are further found to be correlated with a lower corti-
costerone but higher estrogen levels in the multiparous relative nulli-
parous rats in the same study. A review of data from rodent and human
mothers suggested that reproductive experience may influence cogni-
tion and anxiety in a different manner than primiparous or nulliparous
females [60]. This review suggested that reproductive experience may
benefit pregnant women to control the anxiety/stress response and
enhance certain aspects of memory similar to results observed from
rodent studies. Although the underlying mechanism of how parity in-
fluences cognitive functions in response to pregnancy remains poorly
understood, it has been suggested that changes in the hippocampal
neurogenesis during the peripartum period may have a functional link
to the parity vs. cognition relationship [61].

3. Placenta and the fetal brain connection

Signaling plays a key role in regulating placental function to the
communication between mother and fetus. The classical insulin-like
growth factor (IGF) system is a well-studied example of placental role in
maternal-fetal communication [62]. Also, the placenta contains a un-
ique microbiome [63] that may have functional roles in pregnancy
outcomes. However, several studies have demonstrated that placental
regulation of Igf2, Cortisol, Serotonin, and T4/T3 influences

neurodevelopmental processes of the fetus. In mice, knockout of Igf2-P0
transcript in the placenta shows intrauterine growth restriction (IUGR)
leading to dysregulated placental delivery of nutrients to the fetus, and
anxiogenic effects in the offspring [64]. Evidences further suggest that
placental control of OGT (O-linked n-acetylglucosamine transferase)
influences fetal development in a sex-specific manner [65,66]. In ad-
dition, expression of Ppara, Igfbp1, Hifa, and Glut4 in the placenta in-
fluences fetal programming in a sex-specific manner [67]. Similarly,
placental control of proinflammatory cytokines (Il6 and Il1b) has been
shown to alter the neural expression of dopamine D1 and D2 receptors
in brain [68]. Studies have also shown that dysregulation of the triio-
dothyronine (T3) and thyroxine (T4) hormones in the thyroid gland and
serotonin in the brain can cause neurodevelopmental defects in the
growing fetus [69–72].

3.1. Development of the fetal brain

A fundamental question in biology is how a brain develops. It is
known that the central nervous system (CNS) arises from the ecto-
dermal tissue called the neural tube that differentiates into the spinal
cord and the brain. Neural tube genesis occurs at gestation day (gd)
9–9.5 in mice that has a gestational length of 19–21 days. In human, the
process starts between gd 24–28 where the length of gestation is
266–280 days [73,74]. Development of CNS is a highly coordinated
spatiotemporal process that includes the proliferation of glia and neu-
rons and their migration, followed by programmed cell death, forma-
tion of synapses, myelination, and establishment of neuronal circuits.
There is a remarkable similarity among the rodents and humans in the
process of cortical development during fetal brain formation [75] given
the fact that the placenta of human and rodents are both hemochorial in
nature [76]. Any perturbation during the brain development leads to
immediate or postnatal adult disease consequence, collectively known
as Developmental Origin of Health and Diseases (DOHaD). Rest (repressor
element 1 silencing transcription factor) is a key transcription factor
that acts as a master regulator of neurogenesis [77]. In our earlier study
[17], we conducted iRegulon [78] analysis to predict transcription
factors that control correlated up-regulation or down-regulation of
genes in the fetal brain relative to the placenta in mice on day 15 of
pregnancy. The analysis showed that Rest is a key regulator of gene
expression crosstalk between the placenta and fetal brain. Determining
role of Rest in the genome regulation of placenta and developing fetal
brain can provide new information if placenta plays a role in neuro-
genesis during brain formation of the fetus.

3.2. Infections

Placenta has been traditionally believed to a protective organ and
its environment had been considered as sterile. Now it is well estab-
lished that placenta has its own microbiome [63]. The placenta, fetal
membranes, and fetus exist in close proximity to several microbial or-
ganisms of the lower urogenital tract. In normal pregnancy, the pla-
centa harbors nonpathological commensal microbiota and variation in
this composition can be associated with pregnancy disorders [79].
Study suggests that the placenta can acquire the infection not only from
the urogenital route but from the oral route through the hematogenous
access [80]. Pathogens can either directly cross the placental barrier
and colonize the fetus, or they can elicit an inflammatory response in
the placenta [81]. Infections activate inflammatory pathways, causing
the release of various proinflammatory biomarkers such as cytokines,
interleukins, and other molecules. The inflammatory signals passing
through the placenta from the maternal side can have adverse effects on
the fetal brain development. Such insults result in both physical and
behavioral phenotypes in juvenile, adult or aged offspring. Well re-
cognized neurodevelopmental disorders like schizophrenia and autism
have been associated with maternal infection [82,82,83]. The location
and the timing of the insult due to infections have an important role in
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cerebral development and, ultimately, function [84]. The effects of such
prenatal insults underlie some cognitive, behavioral, and psychiatric
disorders [85]. Viral infections that are capable of crossing the pla-
cental barrier and reaching the fetus can have detrimental effects on
fetal development. Zika virus infection outbreaks in pregnant mothers
caused microencephaly in the fetuses [86]. The effect on the fetal brain
is due to the vertical transmission of the virus via transplacental route.
Similarly, prenatal infection with human influenza virus is known to
cause long-term structural and functional changes in the pup brains
[87]. Cytokines and inflammatory cells are thought to regulate many
common pathways associated with perinatal brain injury due to infec-
tion. Inflammatory activation of microglia (brain macrophages) attack
and injure white matter oligodendrocyte progenitor cells (pre-oligo-
dendrocytes) and derail their differentiation process during the brain
development process [88]. These effects on the fetal brain ultimately
can result in psychologic and cognitive disease in later life.

3.3. Chorioamnionitis

Chorioamnionitis is a pathological condition characterized by the
presence of acute inflammatory infiltrate in membranes and chorion of
the placenta. It can be triggered either by the infection of the placenta
and its membranes or by the activated maternal immune system. In
early human gestation, prior to the 20th week of gestation, the leuko-
cytes are mainly of maternal origin. By mid-trimester, the fetus begins
to be capable of producing leukocytes that participate in the in-
flammatory response. In the presence of infectious agents, chor-
ioamnion elicits inflammatory response characterized by the release of
a combination of proinflammatory and inhibitory cytokines and che-
mokines in the maternal and fetal compartments [89]. Cytokines can
activate the HPA axis resulting in an increased level of glucocorticoid in
the peripheral bloodstream that can permanently modify the brain re-
sponse to stress [84]. Chorioamnionitis is the leading cause of preterm
birth and neonatal complications and is the most frequent cause of fetal
death in the second half of pregnancy [90]. Preterm birth affects around
10% of deliveries and is a leading cause of neurodevelopmental im-
pairment. Chorioamnionitis affects around 40–80% of preterm de-
liveries and it can initiate a fetal inflammatory response that is injurious
to the developing brain and other organs. Epidemiological evidence has
indicated the association of several adult neurodegenerative diseases to
the immune activation in mother’s womb during pregnancy [91]. In-
flammatory signals increase the permeability of blood brain barrier and
expose the brain to the cytotoxic protein. Factors that lead to these
effects include epigenetic modification of the stem cell population,
microglial activation, oligodendrocyte dysmaturation, reactive oxygen
and nitrogen species accumulation, sensitization of the brain to hy-
poxia-ischemia and the activation of coagulation cascade. The stage of
pregnancy with distinct phase of the neonatal brain development can
have differential neurodevelopmental vulnerability depending upon the
timing of onset of chorioamnionitis [84,92].

3.4. Drug transfer and xenobiotics

The development of the full-grown fetus from a fertilized egg occurs
through the process of lineage-specific cell growth and differentiation.
This process occurs at different rates which is dependent on species and
gestation length. This energy dependent process depends on the pla-
centa to extract the nutrients from the mother’s circulation. In the
placenta, the fetal cells are in close proximity to the maternal cells to
facilitate this transfer. In humans, the fetoplacental-maternal circula-
tion is established around the tenth week of pregnancy [93]. Transfer of
nutrients across the placenta can occur by simple diffusion, facilitated
diffusion, active transport and receptor-mediated endocytosis. The
transport process applies equally to drugs and xenobiotics. The placenta
is considered to have a barrier function to protect the developing fetus.
But most drugs cross the placenta. Nonpolar fat-soluble drugs that have

low molecular weight with non-protein binding properties can cross
placenta easily and quickly. Alcohol is one example. The placenta ex-
presses a variety of xenobiotic-metabolizing enzymes but it can also
catalyze the formation of reactive metabolites that are toxic to the fetus
[94].

Over the years, the pharmaceutical intervention has increased to
combat pregnancy complications arising from the intake of different
prescription and non-prescription drugs by the pregnant mothers. Most
widely used types of drugs are diuretics, antihistaminics, entiemetics,
antibacterials, tranquilizers and analgesics [95]. Substance abuses are
increasing concerns of the modern lifestyle that puts the fetal devel-
opment at risk. Alcohol and nicotine can produce severe deficiencies in
brain development. Nicotine binds to nicotinic acetylcholine receptors,
ligand-gated ion channels that are widely expressed in the fetal nervous
system [96]. Smoking exposure during pregnancy can lead to decreased
birthweight, increase risk of preterm birth and have teratogenic effect
on the fetus. Animal studies have shown that fetal brain nicotine level
reaches much greater than maternal blood levels, and the exposure can
lead to long-term disruption of brain architecture and chemistry
[97,98]. Pharmacologically, alcohol is a depressant that blocks N-me-
thyl-D-aspartate receptor activity and increases GABAergic activity.
There is overwhelming basic and clinical evidence regarding the ne-
gative neurodevelopmental consequences of prenatal alcohol exposure
broadly known as fetal alcohol syndrome (FAS), which is characterized
by growth deficiencies, craniofacial dysmorphologies and CNS damage
[99]. FAS is recognized as a mental disorder by the International Clas-
sification of Diseases and the Diagnostic and Statistical Manual of Mental
Disorders. With the modern lifestyle, there are increasing cases of psy-
chiatric disorders. Antipsychotic medications like dopamine and ser-
otonin receptor antagonists are prescribed in such cases. It is now clear
that placenta produces serotonin that plays an important function in
fetal brain development [100]. Further studies on understanding the
long-term functional implication of such antipsychotic drugs and sub-
stance abuses in fetal brain development are needed for policy for-
mulation to safeguard pregnancies.

4. Animal models and clinical studies

Since the advent of the Barker Hypothesis in 1990, which posits that
the intrauterine environment has direct and long-lasting effects on the
fetus [101], much attention has been directed towards researching the
fetal origins of adult disease. In this pursuit, the brain-placental axis is
being dissected to understand the association between the placenta and
the fetal brain and more recently the association of the placenta with
the maternal brain. Animal models have proven invaluable for studying
pregnancy and in particular the interaction between the placenta and
the maternal/ fetal brain.

4.1. Basic biology

Animal models of placenta have provided valuable information
about its role as a multifunctional organ for fetal growth and survival.
However, no perfect model of the human placenta exists. Although
obvious anatomical differences exist between mice and humans, at the
basic level both species form a hemochorial, discoid placenta during
pregnancy. The hemochorial placenta represents the most intimate as-
sociation between the fetal cells and the maternal circulation and as
such is also the most invasive form of placentation [102]. In both mouse
and human, the trophoblast cells undergo a series of proliferation and
differentiation events and invade the uterine decidua followed by the
maternal vasculature. These specialized trophoblast cells replace the
maternal endothelium creating a trophoblast lined conduit to funnel
maternal blood into the placenta. In humans, the placental villi are
analogous to the labyrinth, and also contain syncytiotrophoblast cells
that are in direct contact with the maternal blood [103,104]. Although
differences exist, such as the presence of the junctional zone in the
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mouse placenta which is absent in the human, analogies can be drawn
between mouse and human in placental cell types and genes controlling
placental development. In a comparison of near-term placentae, over
7000 ortholog genes were detected between mouse and human with
70% being expressed in both species [105]. Interestingly out of 170
genes known to cause placental abnormalities in mice, 138 (81%) were
expressed in human placentae supporting the idea that such candidate
genes can be evaluated in mice as models as a means to study human
placental disorders.

4.2. Fetal health

Maternal environment is one of the major factors that determine
fetal health. Mother’s weight, nutritional state, anemia, smoking, sub-
stance abuse, and uterine blood flow are some of the conditions that can
have detrimental effects on fetal growth. Preterm birth is the most
common cause of infant deaths throughout the world [106]. It is esti-
mated that approximately 15 million babies are delivered as preterm.
Placental malperfusion and functional insufficiency, among others, is a
leading cause of preterm birth [107]. Development of the blood-brain
barrier and regulation of barrier transport systems contribute to pro-
tecting the fetal brain from exposure of pregnant mothers to harmful
drugs. Our understanding of how intrauterine conditions influence the
development of fetal brain remains poor. Understanding the systems-
level regulation of maternal effects on fetal brain development is im-
portant as it would make a significant impact on studying fetal health,
and brain disorders in the offspring later in life.

Because the mouse is a genetically tractable model system, it has
provided great insight into placental function and its influence on fetal
development. In particular, much attention has been directed towards
understanding how inadequate invasion and vascular remodeling by
trophoblast cells results in impaired placental blood flow and leads to
pregnancy complications such as preeclampsia and IUGR [108]. IUGR
is a pathological condition in which the fetus fails to attain its full ge-
netic growth potential. Several genes have been linked to the invasive
phenotype of trophoblast cells, such as Htra1 and Notch signaling
members. Using a mouse model, loss of Htra1 resulted in decreased
numbers and differentiation of the precursors of invasive trophoblast
cells, decreased invasion and defective vascular remodeling leading to
an IUGR phenotype [109]. Members of the Notch signaling pathway
were shown to be important for trophoblast invasion and vascular re-
modeling in mice and humans, and their perturbation was associated
with placental defects [110].

Fetuses impacted by IUGR suffer from immediate as well as long-
term physiological complications. An IUGR infant has an increased risk
of adverse health outcomes including poor neurological development
and postnatal growth, immune deficiencies and adulthood risk of car-
diovascular disease, diabetes mellitus and hyperinsulinemia, among
others [111]. It is well established that placental defects/insufficiency,
such as those observed in IUGR, can impact fetal brain development
[71,112]. Additional animal models using guinea pigs, rats and sheep
have provided valuable information on IUGR impacts on neurodeve-
lopment which show varying degrees of “brain-sparing” and other si-
milarities to human IUGR [113]. Interestingly, in an attempt to protect
the brain, the fetus will adapt its circulation to preserve oxygen and
nutrient supply to the brain (brain-sparing) [114] and will alter neuro
and placental gene expression in favor of the brain [115] at the cost of
the placenta. However, some have indicated that brain-sparing is as-
sociated with worse neurological outcomes than IUGR babies without
brain-sparing [114]. Perhaps it is a matter of duration of brain-sparing,
with prolonged brain-sparing resulting in further placental complica-
tions, which further impact the fetus. The placenta can convert ma-
ternal tryptophan into serotonin and serves as the primary source of
serotonin for the developing fetal forebrain [116]. Several ligand-re-
ceptor interactions have been predicted between the placenta and fetal/
maternal brain from gene expression data [17] some of which included

Itgb8, Itgav, Notch1, Rspo3, and Vcam1 which were previously im-
plicated in placental defects [3,17]. Together, this research demon-
strates the need to expand our view of the role of the placenta from a
barrier and transport organ to one that is actively involved in synthe-
sizing factors important for neurodevelopment and possibly beyond.

4.3. Therapeutics

Placental insufficiencies such as those seen in IUGR are multi-
factorial conditions with an array of fetal, neonatal and adult con-
sequences. Therefore, different treatments are need to cure the variable
clinical symptoms. In regards to neurological outcomes, interventions
include taurine and melatonin supplementation, Newborn Individualized
Developmental and Assessment Program System (NIDCAP) and targeted
medical rehabilitation [111]. Some research suggests that exogenous
supplementation of growth hormone (GH) may improve neuro deficits
of IUGR children. However, the data thus far is scant and contradictory
[117]. It is evident that research on mechanisms of impaired neuro-
development in instances of placental insufficiency and possible treat-
ments is greatly needed. The expression of different ephrin and integrin
receptors in the placenta are strikingly correlated with the expression of
their ligands in the fetal brain [17]. Efna1 is expressed in the placenta
with Eph receptors (Epha3, Epha4, Epha5, Epha6, Epha7, Epha8, Ephb1,
and Ephb6) expressed in both the maternal and fetal brain. On the other
hand, Efna3 and Efna5 are expressed in the brain (both maternal and
fetal) with their receptor (Eph1) expressed in the placenta [17]. In-
tegrins are key regulators of angiogenesis process that is required
during pregnancy for the development of new blood vessel and ma-
ternal-fetal communication [118]. Integrins and ephrins are currently
targeted for several therapeutics for human diseases [119,120]. In hu-
mans, at least three integrins (out of 24 known) based drugs are cur-
rently available to cure diseases including multiple sclerosis and
Crohn’s disease. Similarly, ephrins are involved in several pathological
conditions including neurological disorders and viral infections for
which they are currently investigated for potential drug targets [119].

Opioid addiction is a major ongoing crisis in many parts of the
world including the United States [121]. Exposure to opioids during
pregnancy can influence the uterine environment causing different
negative effects such as IUGR, placental abruption, preterm delivery,
oligohydramnios, stillbirth, and neonatal abstinence syndrome (NAS) in
human. NAS is a serious condition characterized by central nervous
system hyperirritability and autonomic nervous system dysfunction
[122,123]. The regulation of opioid receptors in uterus, placenta, and
brain may influence these clinical outcomes. In mice, the three re-
ceptors (mu, kappa and delta) for opioid are absent in the placenta but
their level of expression is significantly low in the fetal brain (mean
read count= 34) compared to the maternal brain (mean read
count= 422) at gestation day 15 [17]. It is likely that opioid receptors
are tightly regulated by the placenta to suppress their expression in fetal
brain but not in the maternal brain, possibly to safeguard the fetus from
that harmful exposure during pregnancy. It will be thus worth in-
vestigating how opioid receptors are regulated to influence the brain-
placental axis function. Though animal models for opioid addiction are
known [124–126], to our knowledge no investigation has been con-
ducted to identify factors that regulate opioid receptors in the maternal
brain. The discovery of those factors can help develop drugs to cure
opioid addiction in pregnant women.

5. Future prospects and research avenues

Understanding the architecture and hormonal links between the
placenta and brain requires innovative experiments using both top-
down and bottom-up approaches. Though these approaches have been
used in research relating to animal physiology and metabolism [127],
not much research has been conducted using these methods in the field
of neuroendocrinology. An example of the top-down approach will be
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the establishment of genetic alteration (such as conditional knockout
models) or physiological manipulation of maternal condition (nutri-
tional and external stimuli) followed by performing assays that can
identify changes in the physiological or transcriptional interaction be-
tween the brain and placenta. On the other hand, a bottom-up approach
will utilize known etiological differences in placental and/or brain
disorder during pregnancy, and then underpinning the genes or hor-
mones significantly associated with those phenotypes. We believe that
these approaches can be leveraged in systems biology studies by in-
tegrating contemporary research tools such as organoids, organ-on-
chips and pharmacogenomics towards developing personalized ther-
apeutics to pregnancy associated diseases.

5.1. Prospects of applying of organoids and organ-on-chips in studying
placenta and fetal brain

Designing research experiments with human reproductive organs
poses both technical as well as ethical challenges. In this regard, the use
of cell and organoid culture methods can offer an alternative solution to
study the structure and function of the placental-brain axis.
Historically, cell culture has been used extensively for understanding
how specific hormones such as progesterone and estradiol stimulate the
proliferation of decidual cells and trophoblastic cells [128]. Culturing
of endometrial stromal cells and placenta-derived stem cells have been
successfully demonstrated [129–133]. The colony-forming technique,
in vivo transplantation, label retention assays or three-dimensional
culture systems have been applied to study stem/progenitor cells of
uterus, but the organoid culture of uterine cells have been recognized as
a promising technique to study uterine cell biology and identify factors
for development of therapeutics [134–138]. These methods rely on
growing stem cells using specialized media and culture conditions that
promote self-organization of the cells through sorting them into mul-
ticellular three dimensional structures [139]. The success of these
methods depends on the functionality of the resulting organoids to
mimic that of the organ or tissue from which they were derived [140]
(Fig. 2). Organoid systems have been used in recent studies to in-
vestigate placental development and trophoblast interactions with
maternal environment [141,142]. The protocol of developing placental
organoids is described in details in a recent publication [143].

A limitation of the organoid systems is the requirement to optimize
specific culture protocol so that the 3D structure recapitulates the key
features of structure and physiological functions of the organ. In this
regard, organ-on-chip offers an alternative solution to utilize micro-
fluidic and microfabrication technologies to develop models that

resemble the structure and function of the organ. They offer new ave-
nues to study the development of human organs and aid our ability to
manipulate conditions to study physiological interactions between or-
gans [144]. Soft lithography techniques were used to fabricate a pla-
centa-on-chip that mimicked the architecture and function of the pla-
centa [145]. The fabricated chip was able to maintain and proliferate
JEG-3 trophoblasts and human umbilical vein endothelial cells
(HUVEC) on an extracellular matrix scaffold and also recapitulate pla-
cental barrier by measuring glucose transport that was consistent with
findings from in vivo studies. Furthermore, microfluidic chips in com-
bination with cell co-culture technique was used to study physiological
mechanism of placental barrier [146]. While the co-culture technique
induced fusion of trophoblast cells to form a syncytialized epithelium,
the microfluidic chip allowed to form dense microvilli and to replicate
expression and physiological localization of membrane transport pro-
teins of the placenta. Similar to the placenta-on-chip, researchers have
also made progress in the development of brain organoids [147] and
brain-on-a-chip systems [148,149]. Brain organoids have been devel-
oped to study polarized neuroepithelium, cell type heterogeneity and
segregation of discrete brain regions during development of the fetal
brain [150]. An integrated approach has been employed in some studies
where first the brain organoids were generated and then they were used
to fabricate the organoid-on-chip to recapitulate the microenvironment
of the cells [151,152]. This method has been recently applied to a study
where the brain organoids were exposed to nicotine to study neuronal
regulation in response to prenatal exposure. Using this approach, re-
gionalization and cortical development were found to be disrupted in
the nicotine-treated brain organoids [153]. Such integrative approaches
of developing placenta and brain organoids and organ-on-chips tech-
nologies have potential to study the dynamic changes that occur be-
tween the placenta and the brain throughout gestation. However, as
discussed above, these approaches need extensive experiments to ma-
nipulate and standardize the co-culture conditions to recapitulate the
physiological interactions between brain and placenta during preg-
nancy.

Organoid and organ-on-chip systems hold promises to the devel-
opment of novel therapeutics and clinical interventions [154]. Recent
efforts on application of organ-on-chip systems in drug target identifi-
cation, target-based screening, and phenotypic screening have shown
progresses in pre-clinical studies [155]. A noticeable advance in the
application of bioengineered models of the placenta has focused on
studying drug efflux via transporters across the human placental barrier
[156]. Similarly, organ-on-chips are used to study the fetal membrane
microenvironment which is relevant to research on preterm births

Fig. 2. Organoids generated in our lab from the epithelia of mouse
endometrium. A) Hematoxylin and eosin staining of longitudinal
section showing (arrows) the glandular epithelium (GE) and lu-
minal epithelium (LE) of mouse endometrium. B) The 3D struc-
tures representing organoids of epithelial cells using matrigel
based recombinant protein cocktail culture conditions.
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[157]. One of the emphases of this research is to investigate how
chorioamnionitis, which is linked to about 70% of preterm birth cases,
may dysregulate the premature rupture of the fetal membranes that
extend from the placenta and surround the developing fetus. Several
studies have shown that abnormal function of fetal brain preludes pre-
term births [158,159], and it is expected that such bioengineered chip
models can reveal a better insight into the placenta and fetal brain links
in preterm births.

5.2. Precision genomics and personalized medicine for placental and fetal
disorders

Precision genomics is poised to bring a new dimension to the in-
tegration of genomics and medicine to human health care. Pregnancy is
a major ongoing emphasis in this area where precision pharmacoge-
nomics approach is increasingly used to design individualized drug
treatments to pregnancy disorders [160,161]. Precision analytics of
next-generation sequencing data of genes coding for hormones, neu-
roligands, and their receptors can help identify new drug targets for
diseases relating to placental and fetal developmental abnormalities.
Precision pharmacogenomics can provide valuable data towards de-
veloping personalized medicine for opioid pain management, anti-
hypertensive and antidepressant drug, preterm labor tocolytics, and
antenatal corticosteroids. The pharmacokinetics and pharmacody-
namics of different drugs may vary from person to person during
pregnancy for which precision genomics can be highly relevant to de-
velop individualized medications [160]. For example, genetic variation
in cytochrome P450 (CYP) genes, specifically CYP2D6, CYP2C19 and
CYP2C9, predominantly account for variability in drug metabolism
[162]. Enzymes produced by these three genes metabolize nearly 80%
of currently available pharmaceutical drugs, and this variation in drug
metabolism can be further confounded by changes in hormones pro-
duced during pregnancy [163,164]. Similarly, significant association is
known between polymorphisms in serotonin transporter and differ-
ential response to antidepressant drugs [165]. To date, most emphases
have been on developing safe, sensitive and non-invasive genetics and
genomics assays for prenatal diagnosis [166], and recent advent in
next-generation sequencing have paved new prospects in sequencing
fetal genomes in a routine manner [167]. Recent advances in single-cell
sequencing have shown great promise to delineate placental structure
and function in more precise manner than before [168–170]. Though
personalized fetal medicine is merely a concept at this time, given the
rapid progress in pharmacogenomics and predictive analytics
[171–173] development of personalized medicine to treat placental and
fetal disorders is a realistic possibility in the years to come.

5.3. Changes in both the fetal brain and maternal brain

Understanding the physiological changes in both the maternal and
fetal brain is critical to better understand the dynamic changes of
pregnancy particularly in response to the placental ageing and function.
Unfortunately, this area is poorly investigated and the literature lacks
data on this topic. However, identifying cells in both maternal and fetal
brain that concomitantly respond to physiological changes in the pla-
centa can provide new insights in this regard. Recently, the single-cell
RNA sequencing (scRNA-seq) technology has demonstrated un-
precedented power and precision to underpin ligands and receptors in
the maternal-fetal interface [174]. These ligand-receptor pairs are
available at www.CellPhoneDB.org database that is expected to provide
valuable resource to identify drug targets to specific interactions be-
tween decidual natural killer cells and the fetal extravillous trophoblast
cells. A recent study [175] employed scRNA-seq approach to study the
gene expression and differentiation pattern of different cell types of the
human placenta. Single cell gene expression data was also generated to
compare fetal brain of human and mouse that provided new informa-
tion on molecular conservation and diversity of brain development

between species [176]. In a separate study, single cells were analyzed
from different mice tissues including placenta, fetal brain and adult
brain to study their gene expression profiles [177]. These single cell
data of human and mouse placenta, fetal brain and adult brain [publicly
available at Gene Expression Omnibus database under the accession
numbers GSE89497 (human placenta), GSM2906465 and GSM2906466
(mouse placenta), GSE76381 (human brain), and GSM2906405,
GSM2906406, GSM2906415, GSM2906454, and GSM2906455 (mouse
brain)] provide a good resource to mine for genes coding ligands and
receptors that are canonically expressed between placenta and fetal/
adult brain. Employing an integrative analysis approach of scRNA-seq
data based on canonical correlation method [178], our analysis of these
datasets reveal that specific integrins and their ligands (see the list in
the graphical abstract of this paper) are expressed in canonically cor-
related manner between placenta and brain both in the mouse and
human. Integrin ligands hold promise in drug discovery and ther-
apeutics for different human diseases [118–120], and may provide new
avenues to investigate their application to develop therapeutics to
placental and brain disorders relating to pregnancy.

6. Concluding remarks

Our current state of knowledge in placental and fetal biology, in
general, requires new paradigms to pursue. Though a great deal of
achievement has been made in advancing the field, we have not yet
succeeded in curing placental insufficiency, hypoxia, preterm birth and
fetal brain defects and other birth defects. Research needs to in-
corporate concepts and techniques from diverse areas including re-
productive biology, systems biology, pharmacology, neuroendocri-
nology and chemical biology to understand factors regulating the
placental development and the brain-placental axis. Though a great
deal of information is available on diverse aspects relating to pregnancy
establishment and success, studies on genetic underpinning of maternal
factors that influence fetal brain remains limited. Integrative pharma-
cogenomics and single-cell analyses hold huge promise in this aspect to
unravel the specific maternal-fetal communications and to identify new
drug targets and therapeutics for pregnancy-associated diseases.
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