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KEY POINTS

e The placenta is the first organ to form in mammals and is required for
establishment of a maternal—fetal vascular interface capable of
supplying the bioenergetic needs of the developing conceptus.

e Multiple placental cell types engage in highly varied functions, from
attachment, invasion, and vascular remodeling to cell fusion, hormone
production, and nutrient transport.

e Multiple mechanisms allow transport of waste and nutrients across the
placenta, including diffusion, transporter protein-mediated (facilitated
diffusion and active transporters), and receptor-mediated mechanisms.

e The placenta is not an inert transport interface. It consumes 40%-60%
of the oxygen and glucose delivered to the uterus at term. Thus
conditions that alter placental metabolism can indirectly affect nutrient
transport to the fetus.

e Maternal and fetal health alter placental function, which in turn
influences fetal adaptations and contributes to in utero fetal
programming.

e Abnormal placentation and placental infections can lead to
preeclampsia (PE), fetal growth retardation, or preterm birth, which can
have lifelong bearing on health.

e |n the United States, iatrogenic delivery is responsible for almost half
the births that occur between 28 and 37 weeks of gestation, primarily
caused by placental pathologies such as PE or intrauterine growth
restriction.

e Efforts to standardize placental examination after delivery are in
progress so that connections between specific placental problems and
poor outcomes can be better defined. In parallel, new advanced
imaging techniques and biomarkers for placental function are being
developed.

the mammalian fetus to survive and thrive within the

otherwise inhospitable confines of the intrauterine envi-
ronment. To accomplish this, the placenta plays a range of roles,
from anchoring the conceptus and preventing its rejection by the
maternal immune system to enabling the transport of nutrients
and wastes between the mother and the embryo/fetus. As with
all organs, multiple specialized cell types derived from lineage-
committed precursors are responsible for these functions. Genet-
ic, epigenetic, and physiologic cues direct placental development
across gestational stages (Maltepe et al., 2010). Impairments in

The placenta is a remarkable organ. Its brief existence enables
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these processes due to intrinsic or extrinsic insults can lead to pla-
cental dysfunction and result in long-lasting increases in disease
susceptibility, a process known as fetal programming (Murphy
et al., 2006; Eichenwald and Stark, 2008). Both preterm and term
infants are at risk from poor placental function, particularly those
that are extremely low birth weight (<1 kg). Preterm infants in
particular may suffer from placental dysfunction in utero followed
by early loss of placental support, including nutrition, hormones,
and immune protection. Preterm delivery rates continue to rise
while the survival of preterm infants has increased due to numer-
ous advances in medical management and technology (Saigal and
Doyle, 2008). This convergence has generated an expanded popu-
lation of patients admitted to and graduating from intensive care
nurseries. Not only are these infants more likely to develop com-
plications such as bronchopulmonary dysplasia, failure to thrive,
pulmonary hypertension, cerebral palsy, and blindness, but they
are also more likely to develop chronic adult ailments such as dia-
betes and heart disease. Although further improvements in neo-
natal care are critical for diminishing the long-term consequences
of prematurity, prevention or delay of preterm delivery will have
the greatest healthcare impact for this at-risk population. A bet-
ter understanding of the most common placental pathologies is
therefore critically important for advancing maternal, fetal, and
adult medicine.

Placental Origin

The mammalian lineage began approximately 200 million years
ago with monotremes, or egg-laying mammals, e.g., the echidna
and platypus. Echidnas lay their eggs into an egg pouch, whereas
platypuses lay their eggs into a burrow, where the mother curls
around them to provide them with warmth and protection. Lacking
a true placenta, these embryos rely on a yolk sac to provide them
with nourishment. The duck-billed platypus, on the other hand,
develops a primitive allantoic vitelline placenta from trophectoderm
(TE)-like cells called vitellocytes. These support the embryo to the
19-somite stage, indicating that the molecular mechanisms enabling
segregation of extraembryonic TE from embryonic tissues may
have predated evolution of a true placenta (Hughes and Hall,
1998; Selwood and Johnson, 2006). Marsupial embryos also have
yolk sacs but are born live. Although the primitive TE cells
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surrounding the early marsupial embryo produce a single cell-layered
transport interface that may represent a primitive placenta, it can
only provide for the metabolic demands of embryonic/fetal develop-
ment for a short while, accounting for the short internal gestation
period of marsupials (Renfree, 2010).

Eutherian, or true placental, mammals diverged from marsupials
approximately 140 million years ago. The placenta is a tremendously
successful evolutionary adaptation that has enabled the creation of
around 18 taxonomic orders grouped into four superorders. These
groups gave rise to many lineages, each of which evolved indepen-
dently in different geographic locations and in response to differing
environmental challenges. There is thus a vast variety of placental
forms, and identifying what the original placenta looked like is
therefore quite difficult, but it may have been hemochorial, discoid,
and labyrinthine (Wildman et al., 2006), similar to that observed
in rodents. The placenta is likely the most mutable of all organs,
with at least 20 identifiable types, depending on the manner of
classification (Benirschke and Kaufmann, 1995). Perhaps not surpris-
ingly, divergence among placental types may have developed a large
number of species-specific pathologies, leading to potential limita-
tions in cross-species investigations (Guttmacher et al., 2014).

Internal development supported by a placenta provides many
benefits including protection from environmental fluctuations in
temperature, oxygen, and osmolarity, as well as protection from
predation (Shine, 1989; Clutton-Brock, 1991; Wourms and
Lombardi, 1992). It also allows females to produce larger offspring
with a higher rate of survival due to enhanced feeding, digestion,
movement, or behavior (Amoroso, 1968; Baylis, 1981; Wourms,
1994). However, this also comes with high energetic costs to the
mother (Boehlert et al., 1991; Qualls and Shine, 1995). In addition
to limiting maternal mobility, increasing time between births, and
decreasing frequency of reproduction (Thibault and Schultz, 1978;
Goodwin et al., 2002), internal, placenta-supported reproduction
demands adaptation of multiple maternal organ systems during
pregnancy. The complexity of this benefit—risk ratio may also add
to the many placental variations that exist.

Development of the Placenta

Trophoblast Lineage Allocation

The placenta is the first organ to form in mammals. This is because
itis required for establishment of a functional maternal—fetal vascular
interface capable of supplying the bioenergetic needs of the developing
conceptus (Maltepe et al., 2010). The fertilized embryo undergoes
a series of cell divisions before implantation, to produce up to eight
seemingly identical cells called blastomeres. Three further sets of
divisions generate the blastocyst, consisting of two distinct cell
populations. Surrounding the blastocyst is the TE, which gives rise
to the placenta. The inner cell mass (ICM), located inside the
blastocyst, gives rise to the embryo and visceral endoderm (Nishioka
et al., 2009; Sasaki, 2010). In mice, each blastomere is able to generate
cither ICM or TE derivatives and is thus totipotent. This also occurs
in humans (Zdravkovicet al., 2015). Once TE or ICM commitment
occurs, however, it is considered largely irreversible. Importantly,
however, individual blastomeres are found to harbor intrinsic
biases regarding which lineage they adopt as early as the four-cell
stage (Piotrowska-Nitsche et al., 2005; Tabansky et al., 2013) and
which appear to depend on positional cues (Nishioka et al., 2009).

Multiple factors govern lineage allocation. One major deter-
minant includes differences in polarity and adhesion between inner
and outer cells of the blastocyst that are associated with differential

activation of the Hippo signaling cascade (Nishioka et al., 2009;
Hirate et al., 2013). Hippo helps restrict expression of key lineage
regulatory genes such as Cdx2 that are stochastically expressed as
carly as the eight-cell stage in mice but restricted thereafter to the
TE (Dietrich and Hiiragi, 2008). The Hippo pathway is inactivated
in outer TE cells, resulting in nuclear localization of the transcrip-
tional coactivator Yes associated protein (YAP), which interacts
with TEA domain transcription factor 4 (TEAD4) to drive Caudal
type homeobox 2 (Cdx2) gene expression (Nishioka et al., 2008).
Notch signaling also acts in parallel with Hippo to promote Cdx2
expression in this process (Rayon et al., 2014). Positional cues
governed by E-cadherin expression help regulate Hippo signaling.
Cell—cell contact within inside cells of the ICM activates Hippo
and suppresses nuclear YAP activity. Signaling cascades implicated
in this include the LATS2 kinase. For example, Hippo can be
suppressed by a dominant negative form of the LATS2 kinase or
by combined LATS1/2 deficiency. This results in ICM cells exhibit-
ing nuclear YAP localization, Cdx2 expression, and TE fates
(Nishioka et al., 2009), placing LATS1/2 downstream of E-cadherin-
dependent signaling. In mice, CDX2 helps repress genes critical
for ICM identity, such as Oct4 and Nanog. Its absence in mouse
embryos results in the lack of TE differentiation, and all cells of
the blastocyst stage embryo express the typically ICM-restricted
OCT4 protein (Niwa et al., 2005). This ability is species dependent,
however, and is not observed in bovine (Berg et al., 2011) or
human blastocysts (Niakan and Eggan, 2013). Amazingly, in mice
its expression is sufficient to convert embryonic stem cells (ESCs)
into trophoblast stem cells (TSCs) that can contribute to all lineages
found within the placenta (Tanaka et al., 1998; Niwa et al., 2005).
Cdx2 expression is further maintained in mice via a positive feedback
loop driven by the combinatorial activities of the transcription
factors Eomesodermin (EOMES), ETS-related transcription factor
5 (ELF5), ETS proto-oncogene 2 (ETS2), and transcription factor
AP-2, gamma (TCFAP2c) that help maintain the TE lineage
(Yamamoto et al., 1998; Russ et al., 2000; Auman et al., 2002;
Werling and Schorle, 2002; Donnison et al., 2005; Georgiades
and Rossant, 2006; Ng et al., 2008; Weber et al., 2010). Interest-
ingly, ELF5, CDX2, and EOMES can collaborate to regulate
hundreds of TSC genes by binding to enhancer elements that
harbor endogenous retrovirus-derived sequences, indicating that
these serve as trophoblast-specific enhancer elements in mice
(Chuong et al., 2013). This opens the exciting possibility that
differences in the incorporation of these foreign viral elements
across different placental mammals may have contributed to the
diversity of placental structures seen across the animal kingdom.

Uterine evolution paralleled placental evolution in eutherian
mammals. This was recently found to involve large-scale and rapid
changes in endometrial gene regulatory networks mediated by
ancient transposable elements. These modulate responses to
pregnancy hormones as well as other pathways to ensure pregnancy
success (Lynch et al., 2011; Lynch et al., 2015). Thus a set of
genetic tricks coupled with host—virus interactions enabled the
rapid evolution of the placenta—uterus axis in mammals and helped
contribute to the diversity of mammalian life forms and modes
of procreation observed today.

Trophoblast Differentiation

The placenta is comprised of multiple different cell types that engage
in highly varied functions, ranging from attachment, invasion,
and vascular remodeling to cell fusion, hormone production, and
nutrient transport (Maltepe et al., 2010). Thus trophoblast-specific
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« Fig. 5.1 Embryonic Development in the Mouse Conceptus. At the blastocyst stage, the conceptus
is comprised of an inner cell mass (ICM) that gives rise to the embryo proper (epiblast), overlayed by a
layer of primitive endoderm (hypoblast) that gives rise to the visceral and parietal endoderm. The outer
cells comprise the trophectoderm (TE) that gives rise to the placenta. TE cells near the ICM are referred
to as polar TE, while TE cells not in contact with the ICM are referred to as mural TE. The mural TE gives
rise directly to parietal trophoblast giant cells in the initial wave of trophoblast differentiation. These cells
aid the initial attachment and invasion process. The polar TE differentiates into the ectoplacental cone
and extraembryonic ectoderm. The ectoplacental cone resides closest to the implantation site and also
gives rise to lineages that further help incorporate the conceptus into the receptive uterus. The extraem-
bryonic ectoderm resides closest to the developing epiblast and gives rise to lineages comprising the
placental transport interface, such as the syncytiotrophoblast. TGCs, Trophoblast giant cells.

progenitors need to enact a complex set of lineage restriction deci-
sions to help form a functioning placenta.

The isolation of rodent TSCs, the extraembryonic equivalent
of ESCs, has dramatically increased our understanding of cell fate
decisions in the placenta (Tanaka et al., 1998). Combined with
genetic approaches in mice and analyses of resultant placental
phenotypes in vivo, derivation of “knock-out” TSC lines has enabled
dissection of lineage commitment decisions within the placenta
with great precision. For the human placenta, in vitro experiments
with primary cytotrophoblasts (CTBs) as well as ex vivo culture
of placental explants have yielded a great deal of information
regarding placental development. Human ESCs can also be induced
to differentiate into the trophoblast lineage by activating bone
morphogenetic protein 4 (BMP4)-dependent signaling pathways
(Li and Parast, 2014). Additionally, the recent derivation of single
blastomere-derived cell lines from human embryos that can dif-
ferentiate along the trophoblast lineage is aiding our understanding
of human placental development (Zdravkovic et al., 2015). These
have been combined with pathologic analyses of placentas following
delivery or pregnancy terminations. While primary human tro-
phoblast progenitor cell lines have recently been derived (Genbacev
et al., 2011), the exact equivalents of TSCs have not yet been
isolated in humans.

TSCs can be derived from mouse blastocysts on fibroblast feeder
cells with the addition of fibroblast growth factor 4 (FGF4). Feeder
cells produce growth factors such as the TGF-f family member
Nodal (Erlebacher et al., 2004; Guzman-Ayala et al., 2004), along

with extracellular matrix-dependent cues (Choi et al., 2013) that
maintain TSC proliferation and help prevent their differentiation.
In utero, this environment is only maintained for approximately
3 days following implantation, as TSCs cannot be derived from
mouse embryos past embryonic day 6.5 (Uy et al., 2002). Removal
of growth factor, feeders, or feeder-conditioned medium triggers
loss of TSC proliferation as well as markers associated with “stem-
ness” (Roberts and Fisher, 2011). Depending on environmental
or culture conditions, these cells then differentiate into the various
cells that comprise the placenta. In the mouse, the extraembryonic
ectoderm differentiates into cells that comprise the chorion and
labyrinth, which perform the transport functions of the placenta,
whereas the ectoplacental cone, located nearer to the uterine
implantation site, differentiates into the spongiotrophoblast layer
as well as glycogen trophoblasts and trophoblast giant cells (TGCs)
(Fig. 5.1).

To function as a transport organ, the placenta must establish an
extensive vascular interface between the maternal and fetal circula-
tory systems. Humans and rodents have a hemochorial placenta,
which means that the maternal vascular space comes in direct contact
with differentiated trophoblasts, not endothelial cells (Benirschke
and Kaufmann, 1995). In humans, trophoblasts lining maternal
arteriolar spaces are relatively well characterized (Red-Horse et al.,
2004), but very little is known about the cells associated with the
draining vascular bed, for example. In mice, there appear to be at
least five distinct populations of TGCs that lie at various positions
within these maternal vascular spaces and are defined by their
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location and lineage-specific gene expression (Simmons et al., 2007).
These arise from various sources (see Fig. 5.1). Their “giant” size is,
in part, a reflection of their DNA content, which continuously
replicates without engaging in cell division via a process called
endoreplication (Edgar etal., 2014). Endocycles are thought to
be used by cell types that need to be very large or that are highly
metabolically active. Consistent with this, TGCs in the mouse
placenta are responsible for the bulk of placental hormone produc-
tion (Soares et al., 2007). In humans, placental hormones are
produced by the syncytiotrophoblast (SynT) layer, potentially
accounting for the reduced ploidy of invasive trophoblast subtypes
in this species compared with rodents, although they still appear
to exhibit a significant amount of aneuploidy (Weier et al., 2005).

Trophoblast Invasion

Primary TGC:s differentiate from the mural TE, and this represents
the first terminally differentiated cell type in mice to aid in implanta-
tion. In humans, the initial wave of invasion following implantation
is thought to occur via formation of a primitive syncytium, through

which invasive CTBs push following approximately day 13 or 14
of gestation (Cantor and Ginsberg, 2012). This early wave of
syncytialization does not occur in rodents. In mice, the remaining
secondary TGC:s differentiate either from trophoblast specific protein
alpha (Tpbpa)/4311+ outer ectoplacental cone cells or from
Tpbpa/4311— chorionic progenitors (Simmons et al., 2007) (Fig.
5.2). Secondary TGCs come in various forms that have differing
locations as well as characteristics. As the name implies, spiral
artery (SpA) TGCs invade the spiral arteries and displace the smooth
muscle and endothelial cells to remodel them, canal TGCs line
the large vascular spaces delivering maternal blood to the base of
the labyrinth, sinusoidal TGCs sit within the small vascular spaces
of the labyrinth, and parietal TGCs surround large pools of
deoxygenated blood that ultimately drain into the maternal uterine
veins.

In addition to their location, these cells can be identified based
on lineage-specific gene expression (see Fig. 5.2), although very
few unique identifiers are known at this time, and all can be derived
in vitro following TSC differentiation (Simmons et al., 2007). A
growing list of transcription factors and signaling molecules are
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« Fig. 5.2 Trophoblast Lineage Determination in the Mouse Placenta. Cell type-specific genes are
indicated in blue. Mural trophectoderm (TE) cells give rise directly to parietal trophoblast giant cells (TGCs).
Parietal TE cells, from which trophoblast stem cells (TSCs) are derived, are defined by their expression
of key transcription factors including CDX2, EOMES, and ELF5 and can be maintained in vitro by exog-
enous fibroblast growth factor 4 as well as Nodal signaling. These give rise to all cell types within the
mature placenta. Polar TE cells can also give rise directly to parietal TGCs via passage through a tropho-
blast specific protein alpha (Tpbpa)/4311 negative (-) state. Alternatively, Tpbpa- progenitors can give
rise to labyrinth trophoblast progenitors (La TP) characterized by high EpCAM expression that gives rise
to lineages that populate the exchange interface. These are the two syncytiotrophoblast (SynT) lineages—
SynT-I and SynT-Il, as well as the sinusoidal TGCs (S-TGC). Tpbpa+ progenitors, on the other hand,
further differentiate through either a Blimp1+ or — state into spongiotrophoblasts (SpT), glycogen tropho-
blasts (GlyT), or multiple additional types of TGCs, including spiral artery-associated TGCs (SpA-TGCs)
and canal TGCs (C-TGCs). Each terminally differentiated cell type is associated with a unique combination
of lineage-specific genes that enable their identification in vitro and in vivo (indicated in blue). Epc, Ecto-
placental cone; ExE, extraembryonic ectoderm; ICM, inner cell mass; P-TGC, parietal TGC.
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known to be critical for these differentiation events and have been
reviewed extensively (Hu and Cross, 2010; Maltepe et al., 2010;
Pfeffer and Pearton, 2012; Soares et al., 2012; Knofler and Poll-
heimer, 2013; Knott and Paul, 2014; Latos and Hemberger, 2014;
Soncin et al., 2015). An organizational chart depicting the cell
fate regulatory hierarchy within the placenta can be made based
on our current understanding but still remains poorly characterized
when compared with other systems such as hematopoiesis. CDX2-,
EOMES-, and ELF5-positive TSCs sit at the apex of this hierarchy
(see Fig. 5.2).

Trophoblasts that invade and line blood vessels appear to do
so via two different mechanisms: (1) vascular invasion with
endothelial mimicry and (2) vasculogenic mimicry (Rai and Cross,
2014). In the former, trophoblasts invade into and displace maternal
endothelial cells from within maternal arterioles and include SpA-
TGC:s in mice or endovascular trophoblasts (EVTs, also known
as extravillous trophoblasts) in humans. During vasculogenic
mimicry, however, trophoblasts undergo morphogenesis to create
vascular tubes de novo. Sinusoidal TGCs perform this function
in mice. Whether this also occurs in human placentation is not
clear. Transplanting trophoblasts subcutaneously in mice or culturing
them as 3-dimensional trophospheres in vitro allows one to visualize
them from de novo vascular spaces, where they generate tumors
harboring large blood sinuses surrounded by trophoblasts, as opposed
to host endothelium (Kibschull and Winterhager, 2006; Rai and
Cross, 2014). Many pathways known to regulate endothelial
development also drive trophoblast differentiation and formation
of the maternal—fetal vascular interface (reviewed in Rai and Cross,
2014). For example, TGCs produce both vascular endothelial
growth factor (VEGF) and placenta growth factor (PIGF) and
express VEGF receptors -1 and -2, suggesting both autocrine and
paracrine roles (Achen et al., 1997; Abbott and Buckalew, 2000;
Hirashima et al., 2003). Additionally, Notch signaling, known to
be critically important for vascular endothelium, is also important
for differentiation of SpA-TGCs and Canal (C)-TGC:s in the mouse
placenta (Hunkapiller et al., 2011; Gasperowicz et al., 2013). These
same factors are also expressed in homologous cells within the
human placenta (Zhou et al., 2003a, 2003b; Hunkapiller et al.,
2011). Furthermore, the endothelium and trophoblast are primary
regulators of hemostasis in the adult and fetal circulation. Tropho-
blasts can regulate the coagulation cascade like endothelial cells
and produce such molecules as thrombomodulin, tissue factor,
tissue factor pathway inhibitor, annexin V, and endothelial protein
C receptor (Wang et al., 1999; Lanir et al., 2003; Sood et al.,
2006). These factors are critical for preventing thrombotic or
hemorrhagic events from occurring in the developing placenta.
Consistent with this, tissue factor deficiency in mice results in
early embryonic lethality associated with massive hemorrhage at
this extremely vascular interface (Erlich et al., 1999). Thus mam-
malian placentas have solved the problem of hemochorial placenta-
tion by having trophoblasts take over functions typically performed
by endothelial cells.

Remodeling of uterine vasculature is critical for successful
pregnancy in humans and mice (Pijnenborg et al., 2006; Maltepe
et al., 2010; Soares et al., 2012; Rai and Cross, 2014). The
equivalents of TGCs in humans, invasive EVTs, are derived from
column CTB progenitors located at the tips of anchoring villi
(Fig. 5.3). They migrate through the uterine parenchyma via
interstitial invasion, in search of maternal spiral arterioles and
veins. This invasion peaks early in pregnancy, around 9 to 12 weeks
of gestation (Pijnenborg et al., 1981). EVTs then breach the spiral

arterioles, via a process termed endovascular invasion, and replace
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¢ Fig. 5.3 Human Placenta at Mid Gestation. The human (and mouse)
placenta is disc shaped (discoid) and hemochorial; i.e., fetal trophoblasts
are in direct contact with maternal blood. In contrast to the labyrinthine
placenta in mice, the human placenta is comprised of chorionic villi that
project into the intervillous space bathed by maternal blood. Fetal blood
vessels coursing through the umbilical cord branch when they reach the
placenta and dive into the chorionic villi where gas, nutrient, and waste
exchange occurs. Tips of anchoring villi attach to the uterine wall (basal
plate) and send out waves of invasive cytotrophoblasts (also known as
extravillous trophoblasts) to both anchor the placenta and establish blood
flow to it. (Adapted from Hunkapiller NM and Fisher SJ. Methods Enzymoaol.
2008;445:281-302.)

resident endothelial and smooth muscle cells (Red-Horse et al.,
20006). This results in these high resistance vessels being remodeled
into low resistance/high capacitance conduits necessary for proper
fetal perfusion as well as modulation of maternal hemodynamics
(Red-Horse et al., 2004). While EVT interactions with veins are
largely confined to the inner surface of the uterus, they migrate
along much of the intrauterine course of maternal arterioles.
Although endovascular invasion begins quite early, and typically
begins within the center of the placental bed, uterine arterial blood
only begins to flow into the intervillous space by the end of the
first trimester. Before this point, EVTs paradoxically plug these
vessels, preventing blood flow to the placenta. As a result, all of
first trimester placental development occurs in a highly hypoxic
environment with the bulk of placental nutrients being provided
by endometrial secretions (i.e., histiotrophic nutrition) (Burton,
2009). Only about one-third of the uterine SpAs are actually invaded
by 18 weeks’ gestational age (Pijnenborg et al., 1983), indicating
that the more lateral arteries are only invaded throughout the
second and third trimesters in a progressive manner (Brosens et al.,
2011; Pijnenborg et al., 2011), because most are completely
remodeled when examined following delivery at term.

Following unplugging of these vessels, maternal blood begins
to bathe floating chorionic villi that are covered by a layer of
multinucleated SynTs. SynTs form as a result of the fusion of
lineage-committed progenitors. The need for multinucleated
syncytium formation is not clear but may have been driven
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evolutionarily by a response to viral infections that may help
minimize pathogen transmission to the fetus (Tsurudome and Ito,
2000). A combination of fusogenic protein expression, particularly
syncytins (Blond et al., 2000; Mi et al., 2000; Malassine et al.,
2007; Chen et al., 2008; Esnault et al., 2008; Simmons et al.,
2008; Dupressoir et al., 2009; Dupressoir et al., 2011), and dramatic
cytsokeletal rearrangement appears to be essential for this trophoblast
fusion. Cytoskeletal rearrangement is a common theme in tropho-
blast differentiation in general (Parast et al., 2001). For example,
calponin 3-mediated actin rearrangement can promote SynT fusion
(Shibukawa et al., 2010), while caspases can remodel the fodrin
cytoskeleton during this process (Gauster et al., 2010), and stathmin
expresion, a microtubule regulatory protein, is associated with
invasive trophoblast migration (Yoshie et al., 2008). Along these
lines, invasive TGCs in mice and EVTs in humans exhibit robust
microtubule and actin cytoskeletons, whereas the cytoskeletal
network in multinucleated SynTs found in both species is severely
disrupted (Choi et al., 2003; Zhou et al., 2014). Consistent with
this, microtubule or actin disrupting agents direct block TGC
formation and direct TSC differentiation along the SynT lineage
(Choi et al., 2013). Additionally, caspase 8 activity, frequently
implicated in apoptosis, aids this process during human SynT
formation (Huppertz et al., 1999). These cytoskeletal changes are
frequently accompanied by another apoptosis-associated process—
externalization of phosphatidylserine to the outer leaflet of the
plasma membrane. Typically acting as an “eat me” signal for the
clearance of apoptotic cells, phosphatidylserine externalization is
associated with SynT fusion (Lyden et al., 1993; Huppertz and
Gauster, 2011). Apoptosis is not completed during SynT formation,
however, and the syncytium is maintained in this “preapoptotic”
state until being sloughed off into the maternal circulation. Other
molecules such as connexins are also known to be critical for SynT
formation (Kibschull et al., 2008). CD98, an amino acid transporter,
also plays a role (Kudo et al., 2003; Kudo and Boyd, 2004; Dalton
et al., 2007), and its actions can be opposed by placental protein
13, a galectin family member (Than et al., 2004). In addition to
regulating amino acid transport, CD98 can also interact with cell
surface integrins to regulate cell morphology and invasion (Cantor
and Ginsberg, 2012), playing a unique dual role in the nutrient
transport and fusion capabilities of SynTs. As a result of the dramatic
cytoskeletal changes required for cell fusion, in addition to changes
in the composition of the membrane lipid bilayer, the biophysical
properties of the SynTs change to become much more rigid, possibly
aiding the infection barrier properties of the placenta (Zeldovich
et al., 2013).

Analysis of human EVT invasion in situ and in vitro established
that a unique epithelial-to-endothelial switch is a vital component
of this process (reviewed in Red-Horse et al., 2004). Initially, CTB
progenitors in floating villi express E-cadherin (epithelial cadherin)
and integrin ai6P4. Upon differentiation, these cells repress these
molecules and upregulate other adhesion molecules such as vascular
endothelial cadherin, 51, V3, PECAM-1, and VCAM-1 as
well as the matrix metalloproteinase MMP-9. Other data suggest
that CTB differentiation/invasion also entails a switch from a
venous to an arterial phenotype in terms of the cells’ expression
of Eph and ephrin molecules (Red-Horse et al., 2005) and the
modulation of Notch family members (Hunkapiller et al., 2011).
This change is accompanied by an induction of several growth
factors and receptors (e.g., VEGF and angiopoietin family members)
that function during conventional vasculogenesis and angiogenesis,
as well as placental development in other species (Andraweera
et al., 2012; Chen and Zheng, 2014).

Placental Functions

Transport

The transport functions of the placenta are performed by the
multinucleated SynTs that sit at the maternal-fetal interface.
Multiple mechanisms allow transport of waste and nutrients across
the placenta (Dilworth and Sibley, 2013). The simplest is diffusion.
The high surface area of the placental transport interface, along
with the hemochorial nature of the rodent and human placentas,
enables efficient diffusion across the placenta. The rate of diffusion
depends on the molecular properties and concentrations of the
solute, however, in addition to the composition of the exchange
barrier (Sibley and Boyd, 1988). In the human placenta at term,
a single SynT layer separates maternal blood from fetal capillary
endothelium, whereas in the mouse, two SynT layers as well as
an sinusoidal (S)-TGC layer, surprisingly, separate the vascular
spaces (Rossant and Cross, 2001). These layers are progressively
thinned out to minimize their barrier properties and increase the
surface area for exchange (Simmons et al., 2008). Oxygen is
transported across the placenta via passive diffusion, aided by the
high affinity of fetal hemoglobin and the concentration differential
across the maternal-fetal vascular beds. The orientation of the
maternal and fetal vascular blood spaces produces a countercurrent
exchange mechanism in mice. This maximizes transport efficiency
in rodents, whereas the human placenta has a less efficient multivil-
lous arrangement, which necessitate a larger placental size relative
to the mouse (Benirschke and Kaufmann, 1995).

Hydrophilic molecules do not readily cross plasma membranes.
Transporter protein-mediated mechanisms are typically required
for transporting hydrophilic molecules. Classic transporter proteins
include facilitated diffusion transporters, i.c., the glucose transporter
(GLUT) family (Jansson et al., 1993) as well as active transporters,
i.e., transporters associated with calcium transport (Belkacemi et al.,
2005) and the amino acid transporters (Desforges and Sibley, 2010).
Transport can occur down a concentration gradient, as is the case
with GLUT1-mediated glucose transport (Desforges and Sibley,
2010), or against a concentration gradient, as is the case with
calcium (Dilworth et al., 2010) and amino acid transport (Battaglia,
2007). Interestingly, nearly all amino acids in the fetal circulation
are found at higher levels than in the maternal circulation, indicating
active uptake and/or synthesis of these nutrients via the placenta
or fetus.

The fetal-placental unit is both physically and metabolically
interconnected with each other and the maternal circulation.
Ultimately, all fetal-placental metabolism is constrained by the
nutrients delivered from the maternal circulation. However, the
placenta and fetal liver are both capable of producing and metaboliz-
ing various nutrients that impact their levels in the fetal-placental
circulation largely independent of placental transport mechanisms
(Cetin, 2001). This has been well described in ovine species, wherein
the fetal liver of sheep in utero actively produces large quantities
of serine and glutamate that are consumed by its placenta (Cetin
et al., 1992; Chung et al., 1998). In the placenta, serine is converted
to glycine via a process that contributes to one-carbon metabolism-
dependent DNA methylation pathways that play important roles
in cell fate regulation and growth mechanisms (Amelio et al., 2014).
Additionally, nonglucose carbohydrates such as fructose, mannose,
inositol, and sorbitol are also either transported by or synthesized
in the placenta (Jauniaux et al., 2005; Battaglia, 2007) and play
important roles in regulating fetal growth as well as in redox
regulation.
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Finally, antibody-mediated immunity is transferred from mother
to fetus across the placenta via receptor-mediated mechanisms
(Saji et al., 1999; Schneider and Miller, 2010). Immunoglobulin
G (IgG) transport across the human placenta, for example, begins
at approximately 16 weeks' gestation, and fetal serum IgG levels
reach maternal levels by 26 weeks’ gestational age. This process is
highly efficient, enabling fetal concentrations to exceed maternal
values at term.

Metabolism

The placenta is not an inert transport interface. It consumes
40%—-60% of the oxygen and glucose delivered to the uterus at
term, despite only comprising approximately 10%-20% of the
total mass of the uterus at that time (Bell et al., 1986; Carter,
2000). Changes in this metabolism can regulate placental biology.
Mitochondrial fusion, a process that enables greater mitochondrial
bioenergetic capacity, is critical for invasive TGC formation in
mice, triggering placental failure when compromised (Chen et al.,
2003; Alavi et al., 2007). Interestingly, mitochondrial fusion can
promote cardiomyocyte differentiation as well, highlighting
conserved mechanisms between cellular metabolism and cell fate
determination (Kasahara et al., 2013). Thus alterations of placental
metabolic function can impact oxygen and nutrient delivery to
the fetus, both by altering placental metabolic demand intrinsically,
as well as by impacting cell fate regulatory pathways. Primary
culture of human CTBs indicates that they exhibit high rates of
aerobic glycolysis when compared with other terminally differenti-
ated adult cells (Bax and Bloxam, 1997), much like rapidly pro-
liferating cancer cells that rely on high glycolytic flux rates to
augment biosynthetic precursor production. Aerobic lactate produc-
tion, i.e., the Warburg effect, also allows the placenta to produce
and transfer large amounts of lactate to the fetus, which can readily
oxidize it. Interestingly, the placenta also appears able to metabolize
lactate during mid gestation but loses this ability by term (Carter
et al., 1993). These studies additionally suggest that glycogen
breakdown (glycogenolysis) helps supply the high rates of glucose
consumption in proliferating trophoblasts before differentiation
into terminally differentiated SynTs. Interestingly, excess glycogen
accumulation has been noted within the SynT layer of some human
preeclampsia (PE) placentas (Arkwright et al., 1993), consistent
with their altered turnover and suggesting a potential link to altered
glucose metabolism in the setting of this pregnancy complication.
Importantly, epidemiologic studies confirm that derangements in
glucose and fatty acid metabolism may drive pregnancy complica-
tions. For example, maternal gestational diabetes mellitus (GDM)
and obesity are independently, and additively, associated with
elevated rates of PE (Catalano et al., 2012) as well as spontaneous
preterm birth (Shaw et al., 2014). There may be shared mechanisms
involving impaired trophoblast invasion contributing to PE and
preterm labor (PTL) pathogenesis. For example, up to 30% of
patients with spontaneous PTL have placental lesions consistent
with impaired SpA remodeling typically observed during PE (Kim
et al., 2002; Kim et al., 2003; Romero et al., 2014). Thus improving
our understanding of the links between placental metabolism and
placental development may shed light on the growing epidemic
of preterm birth.

Metabolic stressors such as hypoxia at high altitude, or placental
underperfusion associated with intrauterine growth restriction
(IUGR), alter placental metabolism in particular ways. During
isolated hypoxia induced at high altitude, for example, the human
placenta appears to decrease its consumption of oxygen in favor

of glycolysis to maintain its bioenergetic needs (Postigo et al.,
2009), which preserves placental growth. While preserving fetal
oxygen (O,) delivery, this comes at the expense of glucose, however
(Llsley et al., 2010). Given that fetal hypoglycemia is strongly
associated with fetal growth restriction, this limits fetal growth.
With maternal undernutrition, however, where uterine O, delivery
is relatively spared, glucose delivery to the fetus is compromised
(Coan et al., 2010; Sandovici et al., 2012) in a manner associated
with restricted placental growth. Given that the placenta is a complex
organ with muldple different cell types (Simmons et al., 2007,
2008), it is likely that changes in placental cellular composition
due to alterations in cell fate regulatory pathways play important
roles in the reallocation of placental metabolic flux patterns.
Consistent with this, maternal calorie restriction leads to a loss of
glycogen trophoblasts in the mouse (Coan et al., 2010). Importantly,
isolated hypoxia results in increased Hypoxia-inducible Factor-1
(HIE-1) levels and target gene expression in the human placenta
(Nevo et al., 2006; Ietta et al., 2007; Zamudio et al., 2007), and
HIF activity regulates trophoblast cell fate decisions, suggesting a
potential contribution to these pathologic changes (Cowden Dahl
et al., 2005; Maltepe et al., 2005; Choi et al., 2013; Zhou et al.,
2014). HIF activity can mediate metabolic adaptation to hypoxia
via numerous ways (Semenza, 2010), including repressing mito-
chondrial O, consumption while increasing glycolysis and modulat-
ing glucose transport as well as amino acid metabolism.

Endocrine Function

In addition to performing the essential transport functions of the
placenta in humans, SynTs secrete numerous pregnancy-related
hormones (Maltepe et al., 2010). Mammalian placenta produces
a greater diversity of hormones in greater quantity than any other
single endocrine tissue. Near term, steroid hormones (primarily
estrogens and progestins) are being made at the rate of 0.5 grams
per day, and protein hormones (lactogens, growth factors, and
other hormones similar to those of the hypothalamic—pituitary—
adrenal [HPA] axis) are being made at more than twice this rate.
Many of these hormones are species specific, but the categories of
hormones (i.e., steroids, pituitary-like, hypothalamic-like etc.) and
their endocrine, paracrine, and autocrine functions in pregnancy
are frequently conserved (Table 5.1).

Steroid Hormones

The placenta is an “incomplete” steroidogenic organ and does not
express a complete set of enzymes for de novo production of
estrogens and progestins. Steroid hormone synthesis in the placenta
is dependent on precursors from mother and fetus, leading to the
concept of an integrated maternal—fetal—placental unit (Ryan, 1980).
Fig. 5.4 diagrams the tissues and enzymes that participate in the
biosynthesis of progestins and estrogens (Kallen, 2004). The
concentration of steroid hormones in the maternal circulation
increases dramatically throughout gestation (Tulchinsky et al.,

1972).

Progesterone

Maternal cholesterol, derived from low-density lipoprotein, is
transported to the placenta and bound to low-density lipoprotein
receptors on SynTs, where it is incorporated by endocytosis and
hydrolyzed to free cholesterol in lysosomes (Hussa, 1980). There
is no significant 3-hydroxy-3-methylglutaryl coenzyme A activity
in human placenta and thus maternal cholesterol must be used
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i.\:18=8 Placental Classification (Incorporating the
LRE 2014 Amsterdam Placental Workshop
Group Criteria)

1. Placental Vascular Processes
a. Maternal stromal-vascular lesions
Developmental
Superficial implantation/decidual arteriopathy
Increased immature extravillous trophoblast
Malperfusion
Global/partial
Early: distal villous hypoplasia
Late: accelerated villous maturation
Segmental/complete
Villous infarct(s)
Loss of integrity
Abruptio placenta (atrial)
Marginal abruption (venous)
Acute
Chronic
b. Fetal stromal-vascular lesion
Developmental
Villous capillary lesions
Delayed villous maturation (maturation defect)
Dysmorphic villi
Malperfusion
Global/partial
Obstructive lesions of umbilical cord
Recent intramural fibrin in large fetoplacental vessels
Small foci of avascular or karyorhectic villi
Segmental/complete
Chorionic plate or stem villous thrombi
Large foci of avascular or karyorhectic villi
Loss of integrity
Large vessel rupture (fetal hemorrhage)
Small vessel rupture (fetomaternal hemorrhage)
Villous edema
2. Placental Inflammatory Immune Processes
a. Infectious inflammatory lesions
Acute
Maternal inflammatory response: chorioamnionitis,
subchorionitis
Fetal inflammatory response: chorionic/umbilical vasculitis
Chronic
Villitis (CMV, others)
Intervillositis (malaria, others)
b. Immune/idiopathic inflammatory lesions
Villitis of unknown etiology and related/associated lesions
Chronic villitis
Chronic chorioamnionitis
Lymphoplasmacytic deciduitis
Eosinophil T-cell fetal vasculitis
Chronic histiocytic intervillositis
3. Other Placental Processes
Massive perivillous fibrin(oid) deposition (maternal floor infarction)
Abnormal placental shape or umbilical insertion site
Morbidly adherent placentas (accreta)
Meconium-associated changes
Increased circulating nucleated red blood cells

CMV, Cytomegalovirus.

From Redline, R.W. Classification of placental lesions. Am J Obstet Gynecol. 2015

0ct:213(4 Suppl):S21-8.

for production of pregnenolone, the first step in steroid synthesis.
Cholesterol is converted to pregnenolone in the mitochondria by
cytochrome P450 cholesterol side-chain cleavage enzyme. After
transfer to the cytosol, progesterone is produced from pregnenolone
by type-1 3B-hydroxysteroid dehydrogenase (Osathanondh and
Tulchinsky, 1980; O’Connor et al., 1998). Before the ovarian-
placental shift, the corpus luteum of pregnancy is the primary
source of progesterone, but by 35 to 47 days postovulation the
placenta produces enough progesterone to maintain pregnancy
(Csapo et al., 1973). The majority (>90%) of progesterone goes
to the mother and the rest to the fetus. A limited amount of
pregnenolone is also released into the circulation. The fetus has
the enzyme activity needed for pregnenolone synthesis but has
minimal ability to produce progesterone. High levels of circulating
fetal progesterone are of placental origin so that circulating pro-
gesterone levels thus reflect placental function, not fetal
wellbeing.

Progesterone can be metabolized to 17-hydroxyprogesterone
(17-OHP), but relative efficiency of the enzymes favors progesterone
production. 17-OHP levels do rise in the third trimester as pro-
gesterone levels peak. Additional progesterone metabolites, par-
ticularly 5-dihydroprogesterone (5-DHP) and its metabolite
allopregnanolone, are also produced in the SynT at increased levels
during gestation (Dombroski et al., 1997). These steroids have
been hypothesized to play an endocrine role in fetal brain develop-
ment and provide neuroprotection in the face of hypoxia (Pasca
and Penn, 2010; Hirst et al., 2014).

Progesterone (da Fonseca et al., 2003) or a synthetic form
of 17-OHP (Meis et al., 2003) is used therapeutically in ges-
tation, as an adjunct for pregnancy maintenance after in vitro
fertilization or in the second half of gestation for prevention
of preterm delivery in women with a prior history of preterm
birth (Di Renzo et al., 2012). Progesterone is required for the
maintenance of pregnancy in part by means of its suppressant
effect on uterine contractions (Csapo et al., 1973; Kallen, 2004;
Ragusa et al., 2004). Progesterone inhibits genes that promote
contractility (Mesiano et al., 2002) and has immunosuppressive
activity that may promote uterine quiescence (Ragusa et al., 2004;
Hardy et al., 2006). Progesterone also counteracts uterine estrogen
effects. Unlike the drop in progesterone levels prior to labor seen
in most mammals, there is no progesterone withdrawal per se that
occurs before labor in women; however, modulation of progesterone
receptor expression in combination with a shift in the progesterone
to estrogen balance is presumed to play the same biological role.
The relationship of therapeutic response to normal physiologic
mechanisms at work in the maternal-fetal-placental unit is not yet
understood.

Estrogens

Unlike the requirement for maternal precursors for progesterone
production, estrogen production relies on fetal precursors. In
pregnancy, estrogens are synthesized from C19 steroids (Siiteri
and MacDonald, 1966), primarily from dehydroepiandrosterone
sulfate (DHEA-S) made in the fetal adrenals. The fetal adrenals
rapidly inactivate steroids through sulfatization. Pregnenolone is
sulfated and converted to DHEA-S (Benirschke et al., 1956), which
then may be hydroxylated in the fetal liver. These biologically
inactive androgens are then transferred back to the placenta.
Placental sulfatases rapidly cleave the sulfate, and placental
3B-hydroxysteroid dehydrogenase converts DHEA or hydroxylated
DHEA to androstenedione or hydroxylated androstenediones,
respectively. These androgens are then aromatized to estrone (E1),
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¢ Fig. 5.4 Basal Plate of the Human Placenta at Mid Gestation. A multinucleated layer of syncytiotro-
phoblasts (SynTs) covers the finger-like projections of chorionic villi. SynTs perform all of the transport
functions of the placenta. A single cell layer of cytotrophoblasts (CTBs) sits just below the SynT layer and
is referred to as villous CTB. These cells fuse with each other as they differentiate into SynTs. At the tips
of anchoring villi sits a column of CTBs that are proliferative and that put out waves of invasive CTBs
(extravillous trophoblasts) that help anchor the placenta to the uterus. Importantly, these also invade
maternal spiral arterioles, where they replace the endothelial lining, induce the apoptotic death of sur-
rounding smooth muscle cells, and transdifferentiate into an endothelialized cell type. This invasion typi-
cally courses through the extent of the uterine myometrium. CTBs can also invade veins but do not appear
to remodel them. Additionally, maternal uterine immune cells, such as natural killer cells, appear to play
an important role in enabling CTBs to invade the uterus and its vasculature. Finally, establishment of a
receptive deciduum is also of critical importance for proper placental development and pregnancy

success. (Adapted from Genbacev O, et al. Dev Biol. 2001 May 15;233[2]:526-36.)

160-OH estrone, or 150-OH estrone and then converted to
estradiol (E2), estriol (E3), or estetrol (E4) respectively by placental
17B-hydroxylation (Jameson et al., 1986; Morrish et al., 1987;
Shi and Zhuang, 1993). E3 is the major estrogen of pregnancy
with the majority secreted into the maternal compartment; E1 is
the only estrogen preferentially secreted into the fetal compartment.
Although maternal DHEA-S serves as 40% of the precursor for
E2 synthesis, E3 and E4 are formed predominantly from fetal
precursors because the maternal liver has limited 50-hydroxylation
or 160-hydroxylation capabilities (Madden et al., 1978). E3 and
E4 are thus indicators of fetal function (Tulchinsky et al., 1972),
although neither is a clinically useful marker because of rapid shifts
in circulating levels. The primary function of high E3 levels remains
unclear, but it does increase uteroplacental blood flow (Resnik
et al., 1974).

Estrogens influence uterine growth, blood flow, contractility,
metabolism, and breast development (Branchaud et al., 1983).
However, high estrogen levels are not apparently needed for
pregnancy. Parturition can proceed in the absence of fetal and
placental sulfatase (Bradshaw and Carr, 19806) or aromatase (Harada,
1993), although in the latter case both fetus and mother are virilized.
In such pregnancies, there is still circulating estradiol. There are
no reports of pregnancy without detectable estrogen levels, sug-
gesting that a basal level of estrogen is likely required. Before
parturition, an increase in the estrogen to progesterone ratio occurs
within the intrauterine tissues and may increase prostaglandin
(PG) and oxytocin (OT) activity. Steroid hormone production is

altered by trophic hormones and other factors, including
hypothalamic-like releasing or inhibiting hormones. In turn,
estrogens affect other endocrine systems (i.e., renin-angiotensin
system) (Carr and Gant, 1983) and support organ maturation
such as surfactant production in the lung (Parker et al., 1987).

Glucocorticoids

In addition to the sex steroids, circulating levels of glucocorticoids
and mineralocorticoids are increased in pregnancy (Dorr et al.,
1989). The placenta has the ability to produce cortisol and to
convert it to inactive cortisone via 11B-hydroxysteroid dehydro-
genase type 2. This enzyme also converts maternal cortisol to
cortisone at the placental interface. The primary role of this system
appears to be to protect the fetus from elevated cortisol exposure,
which may play a role in long-term reprogramming of the fetal
HPA axis (Challis et al., 2001). Dual oxidative and reductive
enzymatic activity regulates the balance between cortisol and
cortisone (Pepe and Albrecht, 1995). In the placenta, oxidation
of cortisol to cortisone predominates, whereas in the decidua, the
reverse reaction dominates, potentially providing localized hormone
exposure.

Pituitary-Like Hormones

A combination of pituitary-like growth hormones are required to
support fetal growth while maintaining maternal metabolic
homeostasis.
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Human Chorionic Gonadotropin

Human chorionic gonadotropin (hCG) is one of the first hormones
of pregnancy, produced by trophoblasts even before placenta forma-
tion (Hay and Lopata, 1988) and is unique to human pregnancy
(Maston and Ruvolo, 2002). After placentation, hCG is synthesized
primarily by the SynT (Midgley, 1962) and passes into the maternal
circulation via secretion into the intravillous space. hCG is a
glycoprotein heterodimer (36 to 40 kDa) composed of o and B
subunits encoded by genes on chromosome 6 and 19, respectively
(Hussa, 1980; Fournier et al., 2015). The o subunit is homologous
to pituitary thyroid-stimulating hormone (TSH), lutentizing
hormone (LH), and follicle-stimulating hormone (FSH), while
the B subunit is homologous to LH. Intact hCG (i.e., having both
o and P subunits) is required for hCG endocrine activities. Since
it shares a receptor with LH, the LH chorionic gonadotrophin
receptor (LHCGR), hCG mimics the function of LH, but the
functions of LH and hCG are quantitatively different due to the
longer half-life of hCG and its relative stability compared with
the pulsatile release of pituitary LH (Muyan and Boime, 1997).

hCG maintains corpus luteal progesterone production until this
function shifts to the maturing placenta. hCG peaks approximately
2 weeks after the shift of progesterone production from ovary to
placenta, potentially minimizing the chance of loss of the proges-
tational environment. hCG can be detected in human serum or
urine within a week of conception and is the most frequently used
biochemical marker for pregnancy. hCG doubling time may be used
in early gestation to predict general pregnancy outcome. After hCG
can first be detected, it increases with a doubling time averaging
2.11 days. It reaches peak levels of approximately 50 international
units (IU)/mL at 9 to 10 weeks from the date of the last menstrual
period, declining to 1 IU/mL by mid gestation (Osathanondh and
Tulchinsky, 1980). An abnormally slow doubling time of hCG is
considered to be a sign of a poor prognosis for pregnancy outcome,
while rising hCG without detection of an intrauterine embryo
suggests an ectopic pregnancy (Fritz and Guo, 1987).

In addition to corpus luteum maintenance, hCG has multiple
additional activities that regulate placental structure and function.
hCG acts as an autocrine signal in trophoblasts expressing LHCGR
promoting the differentiation of SynTs, thus amplifying its own
production since it is made primarily by these cells (Shi and Zhuang,
1993). Phosphorylation of the receptors via this pathway also
decreases LHCGR expression in differentiating SynTs, thus complet-
ing a feedback loop (Pidoux et al., 2007). hCG may also have
roles in endometrial angiogenesis, uterine quiescence, and immu-
notolerance to the fetus (Osathanondh and Tulchinsky, 1980; Fritz
and Guo, 1987; Fournier et al., 2015). In addition, hCG can alter
maternal TSH levels, elevating free thyroxine (T4), although this
increase does not appear to cause maternal hyperthyroidism (Challis
et al., 2009).

Glycosylation state and subunit availability regulate hCG activity.
A hyperglycosylated form (hCG-H) has been detected in early
pregnancy, as well as in choriocarcinoma cells. hCG-H appears to
enhance trophoblast invasion (Fournier et al., 2015) and thus may
be a very early biomarker of placental invasion of the endometrium.
A decreased level of hCG glycosylation in very early pregnancy
has been correlated with early pregnancy loss (O’Connor et al.,
1998; Kovalevskaya et al., 1999; Fournier et al., 2015). Isoform
production may also regulate activity. B-Subunit production exceeds
o-subunit production in early pregnancy, but this ratio rapidly
shifts to 0t-subunit excess, increasing as gestation progresses; circulat-

ing hCG is mostly intact hCG or free 0-hCG. It has been proposed

that ratios of hCG isoforms (intact hCG, independent subunits,
and nicked breakdown products) present in maternal blood and
urine might be useful for detection of pregnancy-related disorders
since only intact hCG is fully active (Montagnana et al., 2011).
Local and systemic factors influence hCG production. Locally,
its expression is regulated by a releasing factor, gonadotropin-
releasing hormone (GnRH) 1 and 2 (Khodr and Siler-Khodr,
1978; Khodr and Siler-Khodr, 1980; Siler-Khodr and Grayson,
2001). Neurotransmitters (Shi and Zhuang, 1993), cyclic adenosine
monophosphate (Jameson et al., 1986), epidermal growth factor
(EGF) (Morrish et al., 1987), activin (Steele et al., 1993), cytokine
(Wegmann and Guilbert, 1992), and PGs (Licht et al., 1993)
regulate hCG production, as does hCG itself as noted previously.
Each of these factors is produced by the placenta, as well as by
other extraembryonic tissues. hCG alters placental steroidogenesis
by stimulating both progesterone and estrogen formation. Estrogens
inhibit GnRH stimulation of hCG (Branchaud et al., 1983), thereby

completing a feedback axis in the placenta.

Human Chorionic Somatomammotropin

Human chorionic somatomammotropin (hCS), originally known
as human placental lactogen (Higashi, 1961; Josimovich and
Maclaren, 1962), has both growth hormone-like and lactogenic
activity. hCS is detectable in extraembryonic tissues within 10
days of conception and in maternal serum by the third to fourth
week of gestation. It is a single 191 amino acid nonglycosylated
peptide chain with considerable homology to growth hormone
(GH) (96%) and PRL (67%); it is transcribed from a gene cluster
on chromosome 17 containing two genes for hCS, one hCS
pseudogene and two GH genes (Rygaard et al., 1998; Handwerger
and Freemark, 2000). SynTs produce hCS at a constant rate during
gestation, thus hCS levels reflect total placental mass and gross
placental function. By term, hCS is made at 1 gram per day,
representing 10% of total placental protein synthesis.

hCS is considered one of the major diabetogenic factors of
pregnancy, along with placental steroids, placental GH variant
(hGH-V), and maternal cortisol. It is almost exclusively found in
maternal rather than fetal circulation. This has led to the hypothesis
that the primary role of hCS is to ensure adequate fetal nutrition
because, in maternal circulation, it induces metabolic changes such
as mobilization of fatty acids, insulin resistance, decreased utilization
of glucose, and increased availability of amino acids through
decreased maternal use of protein (Grumbach et al., 1968). Circulat-
ing maternal glucose and free fatty acids are thus increased. While
glucose readily crosses the placenta, fatty acids cross slowly, thus
biasing glucose delivery toward the fetus and use of fatty acids for
maternal energy, especially during maternal fasting. Within the
placenta, hCS may regulate insulin-like growth factor (IGF-1)
(Kanda et al., 1998) and alter fetal growth through direct action
on placental nutrient transport systems. In addition to its metabolic
activity, the lactogenic activity of hCS may prepare the breast for
lactation, working synergistically with PRL and steroids (Alsat
et al., 1998). Most recently, a role for hCS as a placental angiogenic
factor has been suggested (Corbacho et al., 2002).

Placental Growth Hormone Variant

hGH-V is encoded in the same chromosome 17 gene cluster as
hCS and pituitary GH. Two transcripts are generated from the
hGH-V gene, a major form and an alternatively spliced version.
Secreted hGH-V is translated from the major version and is
produced in a highly bioactive 22 kD nonglycosylated form and
to a lesser degree in a 25 kD glycosylated form (Alsat et al., 1998).
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Early in pregnancy, maternal pituitary GH is produced, but from
15 to 20 weeks' gestation to term hGH-V secretion increases,
suppressing maternal GH. hGH-V peaks about a month before
term delivery and disappears from maternal circulation immediately
after delivery (Newbern and Freemark, 2011). hGH-V is not
detected in the fetal circulation. Much like hCS, hGH-V modifies
maternal metabolism to meet fetal needs. hGH-V primarily appears
to control maternal IGF-1 production (Newbern and Freemark,
2011). In mice overexpressing hGH-V (not normally found in
rodents), body weight was increased, IGF-1 levels were elevated,
and insulin resistance developed, suggesting that hGH-V strongly
contributes to the insulin resistance of pregnancy (Barbour et al.,
2002) and increases the risk of gestational diabetes and other
pregnancy-related pathologies. This risk is counterbalanced by
placental lactogens, hCS and PRL, which induce increased insulin
secretion by pancreatic B-cell expansion. hGH-V secretion is tonic,
in contrast to pulsatile pituitary GH, and is not regulated by
hypothalamic releasing factors (Newbern and Freemark, 2011).
Secretion is inhibited by elevated glucose and mildly increased by
hypoglycemia, creating a feedback loop that may ensure constant
delivery of nutrients to the developing fetus.

Insulin-Like Growth Factors

IGF1 and IGF2, are the primary somatotrophs in gestation. IGFs
are highly homologous single chain polypeptides with similarities
to pro-insulin made in human placental tissues (Han and Carter,
2000). The majority of the components of the insulin/IGF system
are found in the placenta (IGF1, IGF2, and the IGF-binding
proteins [IGFBP] 1-6) (Forbes and Westwood, 2008) except insulin
itself, although maternal insulin has profound indirect effects on
fetal growth and wellbeing. hGH-V levels regulate placental IGF
levels (Kanda et al., 1998), and IGFBPs are carrier proteins expressed
in the human placenta that prevent IGF from degradation while
blocking bioactivity (Hill et al., 1993; Han and Carter, 2000;
Forbes et al., 2008). IGFBP1 is also produced by the decidua in
large amounts. IGFBPs are themselves regulated by protease activity
and through posttranslational modifications, adding a further layer
of regulatory complexity.

IGF1 is expressed predominantly in SynT throughout gestation,
with some CTB expression, while IGF2 is expressed only in CTB
with a declining level across gestation (Hill et al., 1993; Han and
Carter, 2000; Forbes and Westwood, 2008; Newbern and Freemark,
2011). At physiologic concentrations, both IGF1 and IGF2 bind
to the IGF1 receptor (IGF1R). The localization of IGF1R shifts
during gestation; initially it is predominantly expressed on SynTs
(closer to the maternal circulation), and by term it is mainly
expressed on the fetal CTB side, reflecting the shifting activity
from maternal to fetal growth control (Forbes and Westwood,
2008). The IGF2 receptor (IGF2R; also known as the cation-
independent mannose-6-phosphate receptor) controls extracellular
IGF2 concentrations by mediating the endocytosis and degredation
of IGF2, rather than by direct signaling via the receptor (Gicquel
and Le Bouc, 2006). An additional receptor, possibly a variant of
the insulin receptor, may mediate some of the fetal growth effects
of IGF2 (Baker et al., 1993).

Information on the role of IGFs in fetal growth comes from
genetic manipulation in mouse models as well as examination of
human tissues, especially from fetal growth restricted pregnancies
(Gicquel and Le Bouc, 2006). Disruption of mouse Insulin-like
growth factor (Igf1), Igf2, or insulin-like growth factor 1 receptor
(Igf1r) genes retards fetal growth (Baker et al., 1993), while disrup-

tion of Igf2r or overexpression of IGF2 enhances fetal growth

(Eggenschwiler et al., 1997). In humans, mutations in the /GFI
or /GFIR genes are extremely rare, and no /GF2 gene deletions
have been reported (Gicquel and Le Bouc, 2006). However, /GF2
is an imprinted gene normally expressed exclusively from the paternal
allele in placenta and fetal tissues. Changes in /GF2 expression
because of abnormal imprinting have been linked to both overgrowth
(Beckwith—Wiedemann syndrome) and growth retardation
(Russel-Silver syndrome) (Gicquel and Le Bouc, 2006). Whether
placentally derived IGFs, versus fetal IGFs, directly contribute to
these fetal growth changes is uncertain since these factors also have
paracrine effects in the placenta that determine nutrient transport
and placental growth.

IGF1 can promote SynT differentiation, while IGF2 does not
appear to have this function despite its very early placental expres-
sion. In vitro experiments suggest that placental mass is regulated
directly by placental IGFs (Forbes et al., 2008); in vivo, loss of
IGF2 reduces the placental surface area available for gas and nutrient
exchange more than IGF1 loss. Both IGFs increase nutrient
transport, especially of amino acids, which may be reflected in
elevated fetal amino acids associated with gestational diabetes (Cetin
et al., 2005; Forbes et al., 2008). IGFs may alter fetal growth
through additional mechanisms since they potentiate EGF activity
(Bhaumick et al., 1992), increase prolactin and progesterone
production (Nestler, 1987; Kubota et al., 1991), and inhibit
placental thromboxane production (Siler-Khodr et al., 1995).

Other Secreted Growth Factors
Platelet-derived growth factor A, transforming growth factor

(TGF)-a, and TGF-B (Rappolee et al., 1988) expression in
blastocysts appear to be involved in implantation. Other growth
factors, including EGE basic FGE nerve growth factor, granulocyte
colony-stimulating factor, and hepatocyte growth factor as well as
growth factor receptors are expressed by the placenta and membranes
at later gestation stages (Chegini and Rao, 1985; Stewart, 19965
Uehara and Kitamura, 1996; Morrish et al., 1998). The actions
of many of these growth factors may be nonclassical autocrine
actions. For example, EGF is made in SynTs, and EGF receptors
on SynTs correlate with trophoblast differentiation rather than
proliferation (Maruo and Mochizuki, 1987; Mitchell, 1987;
Marzioni et al., 2005). Additional growth factor actions on placental
development are under intensive investigation.

Inhibin and Activin

Inhibin and activin, an antagonist and agonist of pituitary FSH,
respectively, are expressed by CTBs and fetal membranes (Petraglia
et al., 1987b; Petraglia, 1997) while activin receptors are expressed
in SynT (Florio et al., 2004a). Inhibin inhibits hCG and reduces
progesterone production (Petraglia et al., 1987b), while activin
has the opposite effect (Petraglia et al., 1989). Inhibin elevation
is associated with fetal trisomy 21, while elevated activin is associated
with PE and gestational diabetes (Florio et al., 2004a). Thus during
pregnancy these hormones may serve as potential biomarkers of
placental pathologies.

Proopiomelanocortin Hormones

Pituitary-like peptides derived from proopiomelanocortin (POMC),
including adrenocorticotropic hormone (ACTH), melanocyte-
stimulating hormone, B-endorphins, and B-lipoproteins, as well
as full length POMC itself, are found in the human placenta
(Krieger, 1982; Raffin-Sanson et al., 1999). The processing of
POMC in the placenta is different from in the pituitary: POMC
is released largely intact from the placenta, while it is cleaved into
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several peptide hormones in the nonpregnant state. While pituitary
POMC-derived peptides respond to and regulate physiologic stress,
placental POMC is not inhibited by glucocorticoids nor do circulat-
ing levels correlate with ACTH or cortisol levels, although they
do correlate with corticotrophin-releasing hormone (CRH) levels
(Raffin-Sanson et al., 1999). Chorionic CRH is produced by the
placenta and stimulates the release of chorionic ACTH (see later)
(Reis et al., 1999). The physiologic role of chorionic ACTH has
not been defined, but it may affect placental cortisol production
or maternal resistance of ACTH suppression by glucocorticoids.

Hypothalamic-Like Hormones

Every known hypothalamic releasing or inhibiting hormone has
a placental analogue (Khodr and Siler-Khodr, 1978, 1980; Siler-
Khodr, 1993; Siler-Khodr and Grayson, 2001). These hormones
act in placental paracrine—autocrine regulatory networks that control
release of placental endocrine hormones.

Gonadotropin-Releasing Hormone

In the placenta, chorionic GnRH, which regulates the paracrine
axis, is important for early pregnancy maintenance, as well as
regulating gonadal steroid production through stimulation of
pituitary LH and FSH (Pawson et al., 2003). Two isoforms of
GnRH (GnRH1 and GnRH2) are produced (Seeburg and Adelman,
1984; Siler-Khodr and Grayson, 2001; Sasaki and Norwitz, 2011).
GnRHI1 is encoded on chromosome 8 as a precursor protein that
includes a signal sequence, the GnRH decapeptide, a processing
sequence, and a GnRH-associated peptide (Cheng and Leung,
2005). GnRH2 is encoded on chromosome 20 and has 70%
homology to GnRH1. GnRH1 and GnRH2 signal through the
same G protein coupled receptor, GaRHRI, expressed in SynTs,
but may activate different intracellular signaling pathways (Haning
et al., 1982; Chou et al., 2003; Sasaki and Norwitz, 2011). Blocking
GnRHs or GnRHR1 activity can lead to pregnancy failure (Das
and Talwar, 1983; Jagannadha Rao et al., 1985; Sridaran, 1986;
Kang et al., 1989), possibly through alteration of hCG and placental
steroids, whose production and release they modulate (Siler-Khodr
et al., 1986b). The release of placental GnRH1 is affected by cyclic
adenosine monophosphate, PGs, epinephrine (Petraglia et al.,
1987a), and inhibin (Higashi, 1961), while the expression of
GnRHRI is regulated by GnRH1, activin, and inhibin, creating
a feedback loop (Sasaki and Norwitz, 2011).

Corticotrophin-Releasing Hormone and Urocortins

Chorionic CRH and CRH receptors are expressed in placenta and
fetal membranes (Shibasaki et al., 1982; Frim et al., 1988; Riley
and Challis, 1991; Florio et al., 2000). Urocortins, members of the
CRH-hormone family, are also produced and bind to CRH receptors
as well (Florio et al., 2004b). Early in gestation, CRH family
members may promote immune tolerance (Makrigiannakis et al.,
2004). As gestation progresses, CRH and urocortin levels rise peaking
at term with delivery (Florio et al., 2004b). These hormones stimulate
POMC-derived hormones, including ACTH and B-endorphinins,
(Margioris et al., 1988; Florio et al., 2004b), as well as PG release,
suggesting roles in parturition (Jones and Challis, 1989). CRH can
also stimulate fetal adrenal estrogen and glucocorticoid production
(Mesiano and Jaffe, 1997), which may contribute to the timing of
parturition. Glucocorticoids can increase placental CRH expression
(Jones et al., 1989), in contrast to glucocorticoid inhibition of CRH
in the hypothalamus, creating a positive feedback loop that amplifies
CRH activity (Nicholson and King, 2001). Because of its tight

association with delivery timing, CRH is often viewed as a placental
clock (McLean and Smith, 2001) and may be biomarker of pregnancy
pathology. In pregnancies complicated by hypertension, the maternal
circulating levels of CRH are already elevated by 28 weeks of
pregnancy whereas local urocortin levels may be decreased (Petraglia
etal., 1996; Florio et al., 2004b). CRH has been proposed as a
predictor for preterm delivery (Holzman et al., 2001; McLean and
Smith, 2001), but significant clinical utility has not yet been
demonstrated (McGrath and Smith, 2002; Smith and Nicholson,
2007).

Thyrotropin-Releasing Hormone

Chorionic thyrotropin-releasing hormone (Shambaugh et al., 1979)
is made by the placenta and fetal membranes, but a clear role for
either the mother or the fetus has not been identified. Pituitary
TSH does not cross the placenta, nor does the placenta make
thyroid hormone itself, but maternal T4 and triiodothyronine
(T3) cross the placenta carried by placentally produced transthyretin
(Landers et al., 2009; Li et al., 2012; Forhead and Fowden, 2014).
The placental role in thyroid metabolism has been of considerable
recent interest since thyroid disease is common in women of
childbearing age and impacts pregnancy outcomes (Nathan and
Sullivan, 2014). Early maternal hypothyroidism appears to be
associated with lower intelligence quotient in offspring, but conflict-
ing reports exist on the impact of maternal hypothyroidism after
onset of fetal thyroid function in mid gestation (Chan et al., 2009;
Nathan and Sullivan, 2014). Maternal T4 continues to cross from
maternal to fetal circulation in the second and third trimesters;
even fetuses with complete thyroid dysgenesis have 30%-50%
normal T4 levels in cord blood (Vulsma et al., 1989). Placenta
regulation of thyroid hormone transport and metabolism may play
a critical role in fetal wellbeing, but the regulatory pathways remain

to be defined.

Growth Hormone-Releasing Hormone,
Somatostatin, and Ghrelin

Additional releasing factors are made in the CTB, including growth
hormone-releasing hormone (Berry et al., 1992), somatostatin
(Nishihira and Yagihashi, 1978), and ghrelin (Gualillo et al., 2001)
and may regulate hGH-V production as well as placental differentia-
tion (Fuglsang et al., 2005).

Leptin

Leptin is normally secreted by adipocytes and decreases food intake
through hypothalamic actions, but in pregnancy, the placenta is
the primary leptin source (Ashworth et al., 2000; Linnemann et al.,
2001). The precise roles of leptin in the placenta, the mother, or
the fetus are not known but may differ significantly from the
nonpregnant state, as leptin levels in pregnancy do not correlate
with body mass nor produce satiety (Henson and Castracane,
2000; Hauguel-de Mouzon et al., 2006). Increased leptin levels
are seen in PE and gestational diabetes (Michle et al., 2012; Tessier
et al., 2013).

Oxytocin

OT is another hypothalamic hormone produced in the placenta
and membranes (Gimpl and Fahrenholz, 2001). OT is a potent
uterotonic hormone, used clinically to induce or speed labor.
However, neither circulating maternal OT nor locally produced
OT appears to increase markedly before labor; rather uterine

response to OT is increased through increases in OT receptor
(OTR) expression and function (Fuchs et al., 1995; Mitchell and
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Chibbar, 1995). Progesterone suppresses OTR signaling during
gestation (Gimpl and Fahrenholz, 2001), but a decline in proges-
terone activity at term (although not absolute progesterone levels
in humans) increases OTR expression making the uterus more
responsive to OT.

Additional Placental Secreted Factors

Vasoactive Peptides

The angiotensin—renin system has been described in the placenta
and is thought to be a factor in the regulation of vascular tone in
the placental bed. Multiple vasoactive peptides—VEGE endothelin,
angjotensin, arginine vasopressin, and atrial natriuretic peptide—and
their receptors are placentally expressed (Myatt et al., 1992; Chao
et al., 1993; Kingdom et al., 2000; VanWijk et al., 2000; Kaufmann
et al., 2004). A balance of these factors is likely required for
appropriate fetoplacental perfusion. For example, atrial natriuretic
peptide inhibits the vasoconstrictive action of endothelin and
angiotensin and induces vasodilatation in the uterus and the
placenta.

Endogenous Opioid Peptides

Opioid peptides, enkephalins (Tan and Yu, 1981) and dynorphin
(Lemaire et al., 1983), and their receptors are expressed in placenta,
with an increase in placental receptors at term.

Cytokines

Cytokines—interferons, tumor necrosis factor-o. (TNF-ot), leukemia
inhibitory factor, and interleukins (Chaouat et al., 2002; Kimber,
2005; Paulesu et al., 2005; Piccinni, 2005; Hauguel-de Mouzon
and Guerre-Millo, 2006)—and their receptors are produced by
the placenta, as well as by uterine endothelial cells and invading
macrophages (Jokhi et al., 1997; Sel’kov et al., 20005 Piccinni,
2005; Varla-Leftherioti, 2005). Successful implantation requires
a proinflammatory cytokine environment (Dealtry et al., 2000;
Loke and King, 2000), while pregnancy maintenance requires
cytokine expression that suppresses the maternal immune response
(Keelan et al., 1999; Challis et al., 2009). Before parturition, this
balance again shifts back to proinflammatory cytokines (Jokhi
et al., 1997; Keelan et al., 1999; Sel’kov et al., 2000; Varla-
Leftherioti, 2005). The balance of cytokines and related factors,
either proinflammatory or antiinflammatory, may be a key trigger
for preterm labor caused by intrauterine infection or other types
of inflammation (Sel’kov et al., 2000; Challis et al., 2009). Cytokine
expression also regulates trophoblastic and vascular placental
function (Saito, 2001). Cytokines affect these activities by regulation
of other cytokines, growth factors, hormones, and prostanoid
production (Lundin-Schiller and Mitchell, 1991; Laham et al.,
1997; Mohan et al., 2001).

Eicosanoids

Eicosanoids, such as thromboxanes (TXAs), PGs, and leukotrienes,
are inflammatory mediators expressed in placenta that are derived
from arachidonic acid (Harper et al., 1983; Majed and Khalil,
2012). Human term placentas convert arachidonic acid primarily
to TXAs and the PGs PGE2, PGF2q, and PGD2 (Harper et al.,
19835 Siler-Khodr et al., 1986a). Much like cytokines, they play
a role in trophoblast implantation (Lewis, 1982) and in parturition
(Challis and Patrick, 1980; Casey and MacDonald, 1988). After
implantation, these factors, particularly prostacyclin (PGI2) and
PGE2, appear to be vasoregulators of the fetal—placental unit (Challis
and Patrick, 1980; Ylikorkala et al., 1983, Sorem and Siler-Khodr,

1995). PGI2 is a potent vasodilator in placental vessels, an inhibitor
of platelet aggregation, and a uterine relaxing factor; its loss has
been implicated in PE. TXA2 opposes PGI2, and production is
increased in PE; low-dose aspirin preferentially inhibits TXAs in
the placenta and may decrease development of PE.

Immunologic Function

Throughout pregnancy the risk of fetal infection must be balanced
against fetal rejection. This balance is maintained on both the
maternal and fetal sides of the placenta. Unique features of the
cells at the placental interface are required to allow the genetically
distinct fetal “graft” to inhabit the maternal host. Placental tro-
phoblast cells directly encounter maternal immune cells: SynTs
covering the placental villi are bathed in maternal blood and the
invading trophoblasts exposed to the maternal decidua. Different
strategies appear to be used at these sites to prevent destruction
by cytotoxic maternal immune cells. For example, neither SynTs
nor invading trophoblasts express classic human leukocyte antigen
(HLA)-A or HLA-B class Ia major histocompatibility complex
antigens nor HLA class II antigens. However, invading trophoblasts
do express nonclassic HLA-G and HLA-C, HLA types that can
actually suppress immune responses, especially through leukocyte
inhibitory receptors on uterine natural killer (NK) cells and
macrophages. A balance of innate immunity and modulation of
adaptive immune responses is required, and this balance shifts
throughout gestation (Hunt et al., 2010; Christiansen, 2013).

The decidua is replete with innate immune cells including T cells,
regulatory T cells, macrophages, dendritic cells, and uterine NK
(uNK) cells. The best-studied subtype is the NK population. NK
cells peak and constitute the largest leukocyte population in the early
pregnant uterus, accounting for 60%—-70% of total lymphocytes.
These cells diminish in proportion as pregnancy proceeds. Despite
being replete with cytotoxic perforin, granzymes A and B, and the
natural cytotoxicity receptors (NKp30, NKp44, NKp46, NKG2D,
NGK2B4, and LFA-1), these NK cells are tolerant cytokine-
producing cells at the maternal—fetal interface (Kalkunte et al., 2008).
The temporal occurrence around the SpAs and timed amplification
of these specialized NK cells observed during the first trimester
implicate their role in SpA remodeling. NK cell-deficient mice
display abnormalities in decidual artery remodeling and trophoblast
invasion, possibly because of a lack of uNK cell-derived interferon
v (Ashkar et al., 2000). Other studies have shown that uNK cells
are a major source of VEGEF-C, angiopoietins 1 and 2, and TGF-B1
within the placental bed that decrease with gestational age (Lash
et al., 20006). These observations implicate uNK cells in promoting
angiogenesis. Recent studies suggest that VEGF-C may induce the
noncytotoxic activity in maternal immune cells as well (Kalkunte
et al., 2009). Additional molecules expressed on trophoblasts, such
as members of the B7 family that alter lymphocyte activity and FasL,
which interacts with Fas leukocyte receptors, may also modulate
cytotoxicity in the placenta.

Both maternal macrophages and Hofbauer cells (macrophages
in the villi that are derived from the fetus) are present in the
placenta during pregnancy. These cells may prevent uterine infections
or facilitate vascular remodeling and immune suppression (Naga-
matsu and Schust, 2010b). Much like NK populations, alterations
in macrophage activation, both maternal and fetal, have been linked
to pregnancy complications such as IUGR, preterm birth, and PE
(Nagamatsu and Schust, 2010a).

Maternal tolerance to fetal alloantigens was initially explored
in the context of T-helper cells (Th)1/Th2 balance in mice, with
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Th2 cells and cytokines proposed to predominate over Th1 cellular
immune response under normal pregnancy. In human pregnancy,
the role of specialized T lymphocytes, termed regulatory T cells
(Tregs), in producing immune tolerance has emerged. Tregs are
potent suppressors of T-cell-mediated inflammatory immune
responses and prevent autoimmunity and allograft rejection.
CD4+CD25+ Tregs are found in the decidua throughout pregnancy.
Fetal-specific Tregs persist between pregnancies, and they accumulate
and reexpand their population rapidly in subsequent pregnancies,
potentially providing a persistent protective regulatory memory
to fetal antigen (Rowe et al., 2012). The specific role of these Tregs
in human pregnancy loss remains to be defined.

Immunosuppressive immune modulators are also highly expressed
at the placental interface. Many of the endocrine factors produced
by the placenta (progesterone, PGE2, and interleukins) as described
above appear critical to maternal immune modulation. For example,
the antiinflammatory cytokine interleukin (IL)-10 is expressed by
human trophoblasts and Tregs, increasing across the first two
trimesters and then declining before delivery. Low IL-10 expression
has been linked to pregnancy loss and preterm delivery, as well as
PE. However, how IL-10 protects the fetus is poorly understood.
IL-10 7 mice are fertile if maintained pathogen-free but are highly
susceptible to complications from infection suggesting that IL-10
deficiency plus a “second hit” such as infection, environmental
factors, or hormonal dysregulation may contribute to poor pregnancy
outcomes (Thaxton and Sharma, 2010).

There is no generalized immunosuppression in pregnant women.
Rather, there is a balance struck between specific types of immune
suppression and activation. Indeed, cytokine production capacity
is higher in pregnant than in nonpregnant women. It is the balance
of proinflammatory to antiinflammatory cytokines that may
determine outcome. When this balance is altered early in gestation,
implantation could be affected, while immune alterations in late
gestation may contribute to susceptibility to preterm birth, par-
ticularly in the face of an immune challenge. Similar shifts in the
fetal immune response from tolerance to activation are being
investigated across normal gestation (Mold et al., 2010). The role
of placental immune activation in poor neonatal outcome, par-
ticularly in neurologic complications, has become an area of active
study in the past decade (Kim et al., 2015a; Kim et al., 2015b).
Defining and manipulating placental immune responses are key
components of current efforts to improve pregnancy outcomes.

Fetal Programming

Complex yet intricate interactions between maternal and fetal
systems promote fetal growth and normal pregnancy outcomes,
interactions that must occur via the placenta. The placenta does
not play a passive role as the interface between mother and fetus.
Rather, it adapts to maternal status—nutrition, stress, environmental
exposures—with altered vascularity and cellular composition and
changes in endocrine and transport functions. Fetal genotype and
fetal metabolic demands can also alter placental nutrient transfer
and possibly other placental functions. Epidemiologic evidence
first suggested that these complex interacting pathways alter the
in utero environment in ways that lead to long-term changes in
health and disease, particularly cardiovascular and metabolic disease
(Barker and Osmond, 1986). How these interactions occur, as
well as specific links between the in utero environment and later
adult morbidities, is referred to as “fetal programming” or the
“developmental origins of health and disease” (Fig. 5.5) (Burton
et al., 20106).

Nutrition is the best-studied mechanism of fetal programming,
although many other maternal and fetal programming events likely
have long-term impacts (Fig. 5.6). Undernutrition can elicit placental
and fetal adaptive responses that lead to local ischemia and meta-
bolic, hormonal, and immune reprogramming, resulting in small
for gestational age (SGA) fetuses. Maternal health and dietary
status, exposure to environmental factors, uteroplacental blood
flow, placental transfer, and fetal genetic and epigenetic responses
likely all contribute to in utero fetal programming. Adult diseases
such as coronary heart disorders, hypertension, atherosclerosis,
type 2 diabetes, insulin resistance, respiratory distress, altered
cell-mediated immunity, cancer, and even psychiatric disorders are
being linked to fetal programming in utero (Sallout and Walker,
2003). In addition to maternal predisposing factors, cytokines,
hormones, growth factors, and the intrauterine immune milieu
also contribute to in utero programming. Therefore a healthy mother
with healthy placentation is critical to healthy fetal outcomes.

Regulation of Placental Function

While it is now recognized that placental function can have lifelong
impacts on health, the molecular mechanisms that underlie this
complex signal integration and regulation are not yet well understood
but are critically important to human disease. An understanding
of the molecular mechanisms underlying the placental integration
of maternal and fetal information that results in fetal programming
may suggest new ways to manage pregnancy complications that
lead to fetal growth failure and long-term alterations to health. To
date, the two best documented forms of placental regulation are
(1) signal integration thorough specific signaling cascades and (2)
epigenetic modifications of placental gene expression.

Nutrient-Sensing Signaling Pathways

Multiple signaling molecules are expressed in SynT cells that are
responsive to nutrient supply, including mechanistic target of
rapamycin (mTOR), adenosine monophosphate-activated protein
kinase, and glycogen synthase-3 (see Fig. 5.6). Emerging evidence
suggests that mTOR may be a key component of the placental
nutrient-sensing signaling pathway (Jansson and Powell, 2013;
Dimasuay et al., 2016). mTOR is a serine/threonine-specific protein
kinase belonging to the family of phosphatidylinositol-3 kinase
(PI3K)-related kinases. mTOR regulates cellular metabolism, growth,
and proliferation by forming and signaling through two protein
complexes, mammalian target of rapamaycin complex (mTORC1)
and mTORC2. Both hypoxia and limited nutrient supply result in
the mTORCI inhibition seen in placentas of IUGR fetuses (Roos
etal., 2007; Kavitha et al., 2014). In the case of maternal obesity
and enhanced nutrition, mMTORCI appears to be activated. mTOR
expression in turn regulates nutrient transporter trafficking, par-
ticularly amino acid transporters. Recent experiments in mice suggest
that the maternal and the fetal genotype of the upstream regulator
of mTOR, PI3K, both influence placental function, nutrient delivery,
and maternal physiology (Sferruzzi-Perri et al., 2016). While the
regulatory details of this pathway need to be elucidated in humans,
regulating components of the mTOR pathway might provide novel
treatments for disorders of fetal growth (Jansson and Powell, 2007).

Epigenetic Regulation in the Placenta

The placenta has unique epigenetic features that may make it
particularly responsive to its environment. Epigenetic regulation
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of gene expression allows for heritable changes that are mediated
independently of changes in DNA sequences themselves. Gene
expression is largely determined by the accessibility of DNA to
transcription factors, accessibility that is controlled by a variety of
epigenetic mechanisms: methylation of DNA promoter regions,
histone modifications, genomic imprinting, and expression of
noncoding ribonucleic acids (RNAs) such as microRNA (miRNA).
Since these alterations are not encoded in DNA, epigenetic changes
can occur in response to the cellular environment. In utero changes
in the epigenome have been linked to poor pregnancy outcomes,
although the causal relationships remain unclear (Januar et al.,
2015).

Massive epigenetic reprogramming with loss of DNA methylation
occurs just after fertilization and before implantation. The placenta
and other extraembryonic tissue remain hypomethylated, even
though methylation increases with cellular differentiation so that
even at term, the placenta is the most hypomethylated human
tissue (Bianco-Miotto et al., 2016). Within the placenta, the various
cell types have distinct methylation profiles. Nutritional components,
such as folate, can alter placental and fetal methylation patterns
(Jansson and Powell, 2007). Placental methylation changes have
been linked to PE, IUGR, and preterm birth (Januar et al., 2015;
Bianco-Miotto et al., 2016).

Methylation changes also contribute to genomic imprinting, in
which an allele is silenced in a specific parent-of-origin manner.

Placental genomic imprinting is distinct from somatic imprinting,
with most imprinted placental genes impacting fetal and/or placental
growth or maternal preparation for care of offspring. Most of what
is known about placental gene imprinting comes from studies on
the IGF pathway in mouse, described above. Paternally expressed
imprinted genes, such as /GF2, promote placental and fetal growth
while maternally expressed ones, such as /GF-2R, suppress growth
(Gicquel and Le Bouc, 2006). However, recent human studies
suggest significant species specificity of imprinting, emphasizing the
need for large-scale human placental studies to better define the role
of this epigenetic mechanism in human pregnancy (Monk, 2015).

An additional layer of epigenetic regulation may be added by
miRNAs, the small noncoding RNA gene products that regulate
gene expression through repression of messenger RNA (mRNA)
translation or mRNA decay (Mouillet et al., 2015). At least 500
miRNA species are expressed in the placenta, and those expressed
in trophoblasts can be detected in maternal circulation (Chim
et al., 2008) (Fig. 5.7). The functions of some of these miRNAs
are starting to be decoded. For example, miR-675 is an miRNA
embedded in the first exon of H19, a highly expressed large
intergenic noncoding RNA. miR-675 is expressed only in the
placenta when placental growth is slowing in the second half of
gestation. Loss of H19 and thus miR-675 results in placental
overgrowth, while overexpression of the miRNA results in reduced
proliferation (Keniry et al., 2012).
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It is notable that epigenetic mechanisms used by the placenta
are most similar to those seen in tumorigenesis, reflecting their
invasive similarities. Large-scale patterns of hypomethylation, as
well as site-specific hypermethylation of tumor suppressor genes
often seen in cancers, occur in the placenta. In addition, some
miRNAs that have been implicated in regulating uterine invasion
are associated with malignancies when reactivated outside of the
placental context (Mouillet et al., 2015). Given the limited invasive
potential of the placenta under normal circumstances, there is likely
to be an additional layer of regulation controlling the placental
epigenetic response to both intrinsic and environmental cues.

Placental Diseases

Understanding placental dysfunction and disease during pregnancy
is critical to improving neonatal outcomes. Healthy development
of the placenta requires efficient metabolic, immune, hormonal,
and vascular adaptation by the maternal system as well as the fetus.
Abnormal placentation and placental infections can lead to PE,
growth retardation, or preterm birth, which can have a lifelong
bearing on health. Most major obstetric syndromes originate in
eatly gestation because of abnormal trophoblast invasion or immune
dysregulation but present clinically in late gestation. Maternal
factors such as ascending infections, obesity, hypertension, diabetes,
and environmental exposures also contribute to placental
dysfunction.

Placental Disorders of Pregnancy

Preeclampsia

Maternal hypertension affects 5%-10% of human pregnancies,
mainly due to PE (Ghulmiyyah and Sibai, 2012). PE is clinically
associated with maternal symptoms of hypertension, proteinuria,
and glomeruloendotheliosis; it can progress to eclampsia resulting
in seizure, coma, and maternal death. The most common fetal
complication is growth restriction (Srinivas et al., 2009). Early
onset (<24 weeks gestation) carries a greatly increased risk of
IUGR. PE resolves only with delivery of the fetus and placenta.
‘The maternal symptoms are mediated mainly by secreted placental
factors, while the fetal symptoms result from impaired placental
perfusion. Abnormal remodeling of SpAs and shallow trophoblast
invasion are two hallmark features of PE (Brosens et al., 2011),
but the etiology of this failure to invade remains unclear; endothelial
dysfunction is a key component, and both fetal and maternal
factors are thought to contribute. Poor placental perfusion may
cause release of circulating factors leading to maternal symptoms,
which then exacerbate placental failure and impaired fetal growth.

Despite limited mechanistic understanding of placental pathology
leading to PE, several pathways are consistently implicated in this
disease. Angiogenic and antiangiogenic factors, excessive complement
cascade activation, and immune intolerance may all play a role.
In normal pregnancy, angiogenic factors including VEGF and
circulating PIGF steadily increase in the first and second trimesters,
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protein and nucleic acid cargo picked up from the cell cytosol. They may have a proinflammatory role in
pregnancy. Circulatory cell-free DNA can be up to 13% of cell-free DNA in maternal circulation. Circulatory
cell-free DNA is fragmented and significantly smaller than maternal fragments, allowing fragment size and
sequence to be used to distinguish fetal from maternal origin. mRNA, Messenger ribonucleic acid; miRNA,

micro RNA; nm, nanometers.

peak at 29 to 32 weeks, and decline thereafter. However, free
VEGF remains low and unchanged during this window. Reduced
placental expression of VEGF and PIGF is consistently observed
in PE. Furthermore, PE is frequently accompanied by enhanced
placental expression and free circulation of the soluble fms-like
tyrosine kinase-1 (sFlt-1), which binds to and inactivates VEGF
and PIGF (Levine et al., 2004a; Romero et al., 2008). Soluble
endoglin, which enhances sFlt-1 activity, is also elevated in PE
(Levine et al., 2004a; Venkatesha et al., 2006). Excessive comple-
ment cascade activation and immune activation may also contribute
to PE, although whether it is a cause or effect of the pathology is
unclear (Lynch et al., 2008). Altered regulatory T-cell function
may alter trophoblast interaction with the uterine lining, and
increased villous turnover from placental damage may increase
maternal immune system response to circulating placental debris
(Laresgoiti-Servigje et al., 2010).

Intrauterine Growth Restriction

IUGR or fetal growth restriction designates a fetus that has not
reached its growth potential; it can be caused by fetal, placental,
or maternal factors. Disparities between fetal nutritional or

respiratory demands and placental supply can result in impaired
fetal growth. PE is a frequent cause of [UGR, but placental surface
area reduction with decreased villi and fetal capillaries can be seen
in IUGR alone, suggesting distinctive disease etiologies (Daayana
et al., 2004; Srinivas et al., 2009). Chromosomal abnormalities
(aneuploidy, partial deletions, and gene mutation, particularly on
the gene for IGFs), congenital abnormalities, multiple gestation,
and infections can also result in IUGR. IUGR may result in an
SGA newborn. Mortality and morbidity are increased in SGA
infants compared with those who are appropriate for gestational
age. At birth, SGA infants may have impaired thermoregulation;
poor cardiopulmonary transition with perinatal asphyxia, pulmonary
hypertension, hypoglycemia, polycythemia, and hyperviscosity;
impaired cellular immune function; and increased risk for perinatal
mortality. In childhood, having been SGA increases the risk of
neurodevelopmental impairments, and in adulthood, cardiovascular
and metabolic disease risks are elevated (Sallout and Walker, 2003).

Preterm Birth

Infants born before the 37th week of gestation are considered
premature, and their care places an enormous burden on the
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healthcare infrastructure. Preterm infants face an increased risk of
lifelong disabilities such as mental retardation, learning and
behavioral problems, autism, cerebral palsy, chronic lung diseases,
vision and hearing loss, and an increased risk for diabetes, hyperten-
sion, and heart disease in adulthood. In countries such as the
United States, preterm birth accounts for approximately 10%—13%
of all deliveries (Goldenberg et al., 2008). Despite improvements
in our understanding of the risk factors associated with preterm
delivery, the rate of prematurity has risen over the past two decades,
due in large part to an increase in the rate of indicated preterm
deliveries (Goldenberg et al., 2008). In the United States, iatrogenic
delivery is responsible for almost half the births that occur between
28 and 37 weeks of gestation, primarily because of placental
pathologies such as PE or IUGR. The majority of spontaneous
preterm deliveries are due to preterm labor. Other factors leading
to spontaneous premature birth are preterm premature rupture of
membranes, cervical incompetence, and antepartum bleeding.
Additional risk factors for preterm birth include stress, occupational
fatigue, uterine distention by polyhydramnios or multifetal gestation,
systemic infection such as periodontal disease, intrauterine placental
pathology such as abruption, vaginal bleeding, smoking, substance
abuse, maternal age (<18 or >40 years), obesity, diabetes, throm-
bophilia, ethnicity, anemia, and fetal factors such as congenital
anomalies and growth restriction.

There is increasing evidence that approximately 50% of preterm
births are associated with infection of the decidua, amnion, or
chorion and amniotic fluid caused by either systemic or ascending
genital tract infection (Goldenberg et al., 2008). Both clinical and
subclinical chorioamnionitis are implicated in preterm birth.
Maternal or fetal inflammatory responses to chorioamniotic infection
can trigger preterm birth (Romero et al., 2014). Activated neutrophils
and macrophages and the release of cytokines IL-1B, IL-6, IL-8,
TNF-0, and G-CSF can lead to an enhanced cascade of signaling
activity, causing release of PGs and expression of various MMPs
of fetal membranes and the cervix. Elevated levels of TNF-o, and
apoptosis are associated with term premature rupture of membranes.
Noninfection-related inflammation caused by placental insufficiency
and apoptosis can also cause preterm birth. In addition to augmented
inflammartory responses to infections, pathogenic microbes (e.g.,
Staphylococcus, Streptococcus, Bacteroides, and Pseudomonas spp.)
are thought to directly degrade fetal membranes by releasing
proteases, collagenases, and elastases, producing phospholipase A2,
and releasing endotoxin that stimulates uterine contractions and
causes preterm birth (Slattery and Morrison, 2002).

Interaction between the maternal HPA axis as a result of major
maternal physical or psychological stress may also alter the normal
placental production of HPA-like hormones, including increased
production of CRH, which leads to increased fetal ACTH and
cortisol production. Premature activation of the fetal HPA axis
can eventually stimulate PG production, ultimately resulting in
parturition. In addition, activation of the HPA axis promotes
increases in estrogens, decreased progesterone, and OTR expression,
further enhancing myometrial activation and preterm birth (Jones

and Challis, 1989; Mesiano and Jaffe, 1997).

Gestational Diabetes

Impaired maternal glucose tolerance during pregnancy results in
GDM. Impaired placental function may alter hCS production,
and in turn, hyperglycemia can impair placental development,
growth, and nutrient transport (Araujo et al., 2015). Remarkably,
GDM can be associated with either IUGR or, more commonly,
with fetal overgrowth (Sibley et al., 2005; Jansson et al., 2006).
Placental integration of multiple signals including glucose levels,

intrinsic genetic susceptibility, and fetal demands may be a critical
regulator of this fetal growth outcome (Sibley et al., 2005).

Central Nervous System Injury

Both acute and chronic placental dysfunction are linked to adverse
neurologic outcomes in fetuses and neonates. Acute mechanical
disruptions of placental function (umbilical cord occlusion or
placental abruption) can result in severe neurologic hypoxic—ischemic
damage before or during delivery but are relatively rare events.
More commonly, chronic placental vascular lesions (chronic villitis,
fetal thrombotic vasculopathy, or infection-associated fetal vasculitis)
are correlated with neurologic injury, including cerebral palsy
(Redline, 2005). Almost 90% of term infants with neonatal
encephalopathy and brain injury have placental lesions noted
postdelivery (Wintermark et al., 2010), although the high frequency
of placental lesions in apparently neurologically intact newborns
makes interpretation complex (Lachapelle et al., 2015; Redline,
2015). Preterm birth is an independent risk factor for neurologic
injury, but chorioamnionitis, which frequently causes preterm
delivery, is also associated with brain injury and increased risk of
cerebral palsy, particularly when funisitis or severe fetal inflammation
is present (Leviton et al., 1999; Romero et al., 2014; Kim et al.,
2015a). IUGR infants are also at significantly increased risk of
neurodevelopmental impairments (Redline et al., 2007; Apel-Sarid
et al., 2010).

Evaluation of Placental Dysfunction

Until recently, placental assessment was performed almost exclusively
after delivery, using traditional anatomic pathology techniques.
While significant correlations have been described between specific
pathologic lesions and neonatal outcomes, our understanding of
how and when these lesions develop during gestation and ultimately
lead to poor outcomes remains limited. There has been a recent
resurgence of interest in developing advanced tools to investigate
placental function during gestation, particularly following the launch
of the “Human Placenta Project” by the Eunice Kennedy Shriver
National Institutes of Child Health and Disease (Guttmacher et al.,
2014; Guttmacher and Spong, 2015). In addition to promoting
the development of new advanced imaging techniques (Andescavage
etal., 2015; Siauve et al., 2015) and biomarker methods for measur-
ing placental function (Cuffe et al., 2017), there has been a renewed
interest in standardizing placental histopathologic classification and
diagnosis. In 2014 an international group of placental pathologists
met in Amsterdam to establish consensus guidelines for placental
examination and classification of lesions (Khong et al., 2016), and
these are summarized in Table 5.1.

Placental Histopathology

Direct examination of the placenta after birth can give some clues
to the timing and extent of important adverse prenatal or neonatal
events. Some disorders are readily apparent in the delivery room
(listeria lesions, placental abruption associated with large clots,
abnormal cord insertion), and others require more detailed gross
and microscopic examination. In a high-risk delivery service,
approximately 50% of placentas qualify for pathologic examination
(Curtin et al., 2007).

‘The majority of placental lesions described by pathologists involve
either vascular or immunologic/infectious processes (Table 5.1).
Vascular processes can be further localized as maternal or fetal
lesions (Fig. 5.8, villous maternal stromal-vascular lesions versus
fetal-vascular lesions), potentially providing clues to both the
underlying etiology of the lesion and its implications for maternal
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Umbilical cord obstruction

Maternal arterial malperfusion/
placental abruption

Chorioamnionitis

Chronic villitis

Marginal abruption (venous)

« Fig. 5.8 Histopathologic Sites of Action of Major Placental Disease Processes. (Modified from
Redline RW. The clinical implications of placental diagnoses. Semin Perinatol. 2015;39:2-8.)

or fetal heath. Immune processes likewise can be subdivided into
chronic or acute infections and also distinguished from inflammatory
processes associated with immune activation without infection
(see Fig. 5.8, chronic villitis). Links have been made between each
major pathologic lesion type and different pregnancy complications

(Table 5.2).

Placental Imaging

Ultrasound (US) imaging remains the standard imaging method
used for placental evaluation during pregnancy because of its
availability, safety, and relatively low cost. However, US evaluation
of placental anatomy can be limited by placental implantation
site, maternal body habitus, and amniotic fluid volume, and US-
detected lesions correlate poorly with postnatal histopathology
(Moran et al., 2011). As a primary screening tool, placental US
has proven very useful, but its use for functional placental assessment
that can predict which pregnancies are art risk of later placental
compromise is limited.

The placenta may be visible on US as early as 5 weeks gestation
(Wong et al., 2009). It becomes readily visible by 15 weeks’ gestation
by US and undergoes progressive increases in thickness and diameter
as well as changes in echogenicity and shape (Moran et al., 2011).
Both increased and decreased placental size are associated with
abnormal development and risk of fetal complications. Many
placental lesions can be seen by US as pregnancy progresses. Some,
such as placental lakes, which are anechoic regions of low maternal
blood flow, are very common but appear to be of limited clinical
significance. Others, including echogenic areas of infarct, may be
significant when large or centrally located. Placental calcifications
increase across gestation. There appears to be an association between
early development of calcifications and poor placental function,
but use of early, high-grade calcification to predict pregnancy
outcome has proved unreliable (Moran et al., 2011). Doppler

velocimetry is used in conjunction with anatomic US to functionally
assess placental blood flow (Abramowicz and Sheiner, 2008). Fetal
villous vascular damage results in high resistance in the umbilical
artery (UA) circulation, and chronic fetal hypoxia decreases umbilical
venous flow. Loss of UA end-diastolic flow is associated with severe
IUGR and indicative of significant fetal compromise. Monitoring
of placental blood flow allows detection of high resistance and
poor circulation within the placenta but is usually apparent only
when significant fetal compromise has already occurred. Additional
US measures that may be more predictive of placental compromise,
such as 3-dimensional placental volumes and vascularization indices
(Moran et al., 2011), as well as new elastography and higher resolu-
tion US techniques, are under investigation.

Magnetic resonance imaging (MRI) is increasingly being used
for anatomic placental evaluation, and advanced functional
techniques may yield information on oxygenation, vascularization,
and metabolism (Andescavage et al., 2015; Siauve et al., 2015).
MRI benefits from having multiplanar images in a wider field of
view, as well as having higher spatial and temporal resolution when
compared with US. It is currently used primarily to assess fetal
structural anomalies and, more recently, for improved detection
of placenta accreta and other invasive placental anomalies (Lam
et al., 2002). Precise quantitation of placental volume is more
readily performed using MRI than US and may allow eatlier predic-
tion of fetal growth retardation based on small placental size (Derwig
et al., 2011; Andescavage et al., 2015). Use of standard MRI
gadolinium-based contrast agents has been limited due to fetal
safety concerns, but new agents are being developed. Placental
application of noncontrast functional MRI methods, including
diffusion-weighted imaging and diffusion tensor imaging, are being
investigated along with methods that rely on endogenous contrast
agents, such as hemoglobin-based detection of oxygen level changes
measured by blood-oxygen level-dependent MRI (Andescavage



CHAPTER 5 Development, Function, and Pathology of the Placenta

1.\:18=8 Common Placental Causes of Specific
LB Adverse Pregnancy Outcomes
1. Fetal Growth Restriction
Maternal stromal-vascular lesions: global/partial vascular
malperfusion with accelerated villous maturation
Fetal stromal-vascular lesions: developmental lesions (superficial
implantation), global/partial vascular malperfusion (fetal
thrombotic vasculopathy)
Villitis of unknown etiology
2. Spontaneous Preterm Birth
Maternal inflammatory response: acute chorioamnionitis
Maternal vascular lesions: mild global/partial vascular malperfusion
with accelerated villous maturation
Acute marginal placental abruption
3. Preterm Fetal Death
Maternal stromal-vascular lesions: global/partial vascular
malperfusion with accelerated villous maturation
Fetal global/partial vascular malperfusion (cord accidents/
obstruction)
Placental abruption
4. Term Fetal Death
Fetal stromal-vascular lesions: developmental lesions (delayed
villous maturation), global/partial vascular malperfusion (cord
accidents/obstruction)
Placental abruption
Fetomaternal hemorrhage
5. Term Neurologic Injury
Fetal stromal-vascular lesions: global/partial vascular malperfusion
(fetal thrombotic vasculopathy or cord occlusion)
Chronic villitis of unknown etiology with obliterative fetal
vasculopathy
Acute chorioamnionitis with severe fetal inflammatory response
Presence of multiple placental lesions

Modified from Redline RW. Classification of placental lesions. Am J Obstet Gynecol. 2015
Oct;213(4 Suppl):S21-8.

et al., 2015; Siauve et al., 2015). Use of placental MRI for real-time
assessments is likely to provide new information about placental
vascular development and function, as well as new diagnostic tools
for use in high-risk pregnancies.

Serum Biomarkers of Placental Disease

A major goal of pregnancy screening is to identify women early
in gestation who will go on to develop placenta-mediated complica-
tions that threaten either fetal or maternal health so that targeted
carly therapies can be provided. Detection of factors released by
the placenta into maternal circulation that predict disease is a
longstanding area of investigation. In addition to physiologic
secretion of placental factors into maternal circulation, cellular
stress (i.e., oxidative, hypoxic, or inflammatory stress) can lead to
increased villous trophoblast turnover with release of placental
vesicles and cellular debris into the circulation (Cuffe et al., 2017).
Maternal serum analytes, circulating cell-free DNA, and extracellular
vesicle contents derived from the placenta are under investigation
as potential biomarkers of placental dysfunction.

Serum Analytes

Maternal serum screening has been applied successfully in the
identification of fetuses at increased risk of aneuploidy or structural
anomalies (open neural tube defects, abdominal wall defects). The
association is less clear between pregnancies at risk of placental
dysfunction and abnormal values for the most common first and

second trimester serum screening markers: alpha fetoprotein, hCG,
unconjugated estriol (uE;), inhibin-A, and pregnancy-associated
plasma protein-A (PAPP-A). Both single serum analyte abnormalities
and combinations have been assessed for their value as biomarkers
of specific pregnancy complications, with limited success (Gagnon
et al., 2008). For example, higher levels of second trimester inhibin-
A levels are associated with PE, although no predictive cutoff level
has been identified. Elevated inhibin-A in combination with UA
Doppler abnormality, however, may be strongly predictive of PE
(Ay et al., 2005). Likewise, extensive studies of low PPAP-A and UA
Doppler changes suggest an association with fetal growth restriction
and PE (Pilalis et al., 2007). Some alterations of these maternal
serum markers have been associated with specific pathologies linked
to poor placental function, but the strongest associations are serum
marker abnormalities and a generalized increased risk of third
trimester fetal death (Gagnon et al., 2008). Increased surveillance
or treatment of these pregnancies has not yet shown clinical benefit.

Additional maternal serum biomarkers of placental dysfunction,
particularly in PE, include elevated circulating sFlt-1 and reduced
PIGE Syncytial stress leads to placental secretion of these and
other angiogenic factors (Cuffe et al., 2017). A recent metaanalysis
suggested that the diagnostic accuracy of maternal sFle-1/PIGF
for early onset PE is high, but false positives and false negatives
are both greater than 15%, limiting the utility of this ratio as a
broad clinical screening tool (Liu et al., 2015).

Circulating Cell-Free Fetal DNA

Direct measurement of DNA found in maternal serum has become
possible in the past decade. Continuous turnover of placental
villious trophoblasts releases placental microparticles and freely
circulating nucleic acids (see Fig. 5.7). These fragments are called
fetal but actually originate from the placenta (Taglauer et al., 2014).
Noninvasive prenatal screening for aneuploidies and genetic muta-
tions using circulating cell-free fetal DNA (cfDNA) screening
from maternal serum has rapidly gained popularity in the past 5
years. Confined placental mosaicism with a normal fetal karyotype
can confound these screening results, but the high sensitivity and
specificity of these tests combined with their limited risk compared
with chorionic villous sampling or amniocentesis have lead to their
rapid clinical adoption. Total cffDNA levels, rather than specific
cffDNAs, may also be useful biomarkers for placental health and
function. cffDNA is increased in PE, both before and during the
development of clinical symptoms, likely because of increased
trophoblast apoptosis associated with oxidative stress (Levine et al.,
2004b). High concentrations of cfIDNA are also associated with
increased preterm birth risk (Farina et al., 2005). Cell-free RNA
and miRNAs have also been found in maternal circulation, and
their utility as biomarkers is actively being assessed.

Extracellular Vesicles

Multiple types and sizes of vesicles are shed by the placenta in
both normal and compromised pregnancies (see Fig. 5.7), but the
amounts and contents vary with placental health (Cuffe et al.,
2017). Exosomes are a subtype of extracellular vesicle derived from
endosomes that carry proteins and RNAs and that are released by
exocytosis into the extracellular space. Exosomes play a significant
role in intercellular signaling in multiple systems, and their role
in pregnancy has garnered intense interest in the past few years
(Mitchell et al., 2015). Placentally derived exosomes carry SynT
specific proteins, including placental alkaline phosphatase and the
miRNAs from H19 described previously, allowing their identification
as placental vesicles in maternal circulation. Their release is regulated
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by multiple environmental factors including oxygen tension and
glucose concentrations, making them particularly appealing as
reporters of placental function. Exosomes mediate communication
between the placenta and maternal immune cells, and widespread
placental-maternal cellular communication using this mechanism
has been proposed. There is a general increase in placental exosomes

Summary

The placenta is a complex organ that develops from many cell
types to form a sophisticated interface between mother and fetus
that integrates intrinsic and extrinsic signals to optimize fetal
development. The consequences of impaired placental function have

Suggested Readings

Brosens I, Pijnenborg R, Vercruysse L, Romero R. The “Great Obstetrical
Syndromes” are associated with disorders of deep placentation. Am J
Obstet Gynecol. 2011;204:193-201.

Burton GJ, Fowden AL, Thornburg KL. Placental origins of chronic
disease. Physiol Rev. 2016;96:1509-1565.

Challis JR, Lockwood CJ, Myatt L, Norman JE, Strauss JF 3rd, Petraglia
E Inflammation and pregnancy. Reprod Sci. 2009;16:206-215.

Christiansen OB. Reproductive immunology. Mol Immunol. 2013;55:8-15.

Dilworth MR, Sibley CP. Review: Transport across the placenta of mice
and women. Placenta. 2013;34(suppl):S34-S39.

Jansson T, Powell TL. Role of the placenta in fetal programming;: underly-
ing mechanisms and potential interventional approaches. Clin Sci.
2007;113:1-13.

Kim CJ, Romero R, Chaemsaithong B, Chaiyasit N, Yoon BH, Kim YM.
Acute chorioamnionitis and funisitis: definition, pathologic features,

and clinical significance. Am J Obstet Gynecol. 20152;213:529-S52.

in maternal circulation across gestation, and these levels may vary
with placental pathology; the vesicle contents may also reflect
pathology, such as decreased cell fusion proteins in exosomes from
preeclamptic placentas (Mitchell et al., 2015). As placental exosome
biology becomes better defined, use of exosomes as biomarkers of
placental function is an exciting possibility.

lifelong impact not only on individual offspring but potentially on
multiple generations, effected by epigenetic changes. Understanding
and optimizing placental health is critical, not just to newborns
but also to improving health outcomes for the entire population.

Kim CJ, Romero R, Chaemsaithong P, Kim JS. Chronic inflammation
of the placenta: definition, classification, pathogenesis, and clinical
significance. Am J Obstet Gynecol. 2015b;213:5S53-S69.

Maltepe E, Bakardjiev Al, Fisher SJ. The placenta: transcriptional,
epigenetic, and physiological integration during development. / Clin
Invest. 2010;120:1016-1025.

Mouillet JE Ouyang Y, Coyne CB, Sadovsky Y. MicroRNAs in placental
health and disease. Am J Obstet Gynecol. 2015;213:5163-S172.

Redline RW. The clinical implications of placental diagnoses. Semin
Perinatol. 2015;39:2-8.

Complete references used in this text can be found online ar www
.expertconsult.com


http://www.expertconsult.com/
http://www.expertconsult.com/

CHAPTER 5 Development, Function, and Pathology of the Placenta

References

Abbott BD, Buckalew AR. Placental defects in ARNT-knockout conceptus
correlate with localized decreases in VEGF-R2, Ang-1, and Tie-2. Dev
Dyn. 2000;219:526-538.

Abramowicz JS, Sheiner E. Ultrasound of the placenta: a systematic
approach. Part II: functional assessment (Doppler). Placenta.
2008;29:921-929.

Achen MG, Gad JM, Stacker SA, Wilks AF. Placenta growth factor
and vascular endothelial growth factor are co-expressed during early
embryonic development. Growth Factors. 1997;15:69-80.

Alavi MV, Bette S, Schimpf S, et al. A splice site mutation in the murine
Opal gene features pathology of autosomal dominant optic atrophy.
Brain. 2007;130:1029-1042.

Alsat E, Guibourdenche J, Couturier A, Evain-Brion D. Physiological
role of human placental growth hormone. Mo/ Cell Endocrinol.
1998;140:121-127.

Amelio I, Cutruzzola F, Antonov A, Agostini M, Melino G. Serine and
glycine metabolism in cancer. Trends Biochem Sci. 2014;39:191-198.

Amoroso EC. The evolution of viviparity. Proc R Soc Med. 1968;61:1188-
1200.

Andescavage NN, Du Plessis A, Limperopoulos C. Advanced MR imaging
of the placenta: Exploring the in utero placenta-brain connection.
Semin Perinatol. 2015;39:113-123.

Andraweera PH, Dekker GA, Roberts CT. The vascular endothelial growth
factor family in adverse pregnancy outcomes. Hum Reprod Update.
2012;18:436-457.

Apel-Sarid L, Levy A, Holcberg G, Sheiner E. Term and preterm (<34
and <37 weeks gestation) placental pathologies associated with fetal
growth restriction. Arch Gynecol Obstet. 2010;282:487-492.

Araujo JR, Keating E, Martel E Impact of gestational diabetes mellitus in
the maternal-to-fetal transport of nutrients. Curr Diab Rep. 2015;15:569.

Arkwright PD, Rademacher TW, Dwek RA, Redman CW. Pre-eclampsia
is associated with an increase in trophoblast glycogen content and
glycogen synthase activity, similar to that found in hydatidiform moles.
J Clin Invest. 1993;91:2744-2753.

Ashkar AA, Di Santo JP, Croy BA. Interferon gamma contributes to
initiation of uterine vascular modification, decidual integrity, and uterine
natural killer cell maturation during normal murine pregnancy. / Exp
Med. 2000;192:259-270.

Ashworth CJ, Hoggard N, Thomas L, Mercer ]G, Wallace JM, Lea RG.
Placental leptin. Rev Reprod. 2000;5:18-24.

Auman HJ, Nottoli T, Lakiza O, Winger Q, Donaldson S, Williams T.
Transcription factor AP-2gamma is essential in the extra-embryonic
lineages for early postimplantation development. Development.
2002;129:2733-2747.

Ay E, Kavak ZN, Elter K, Gokaslan H, Pekin T. Screening for pre-eclampsia
by using maternal serum inhibin A, activin A, human chorionic
gonadotropin, unconjugated estriol, and alpha-fetoprotein levels and
uterine artery Doppler in the second trimester of pregnancy. Aust N
Z ] Obstet Gynaecol. 2005;45:283-288.

Baker J, Liu JB, Robertson EJ, Efstratiadis A. Role of insulin-like growth
factors in embryonic and postnatal growth. Cell. 1993;75:73-82.
Barbour LA, Shao J, Qiao L, et al. Human placental growth hormone
causes severe insulin resistance in transgenic mice. Am J Obstet Gynecol.

2002;186:512-517.

Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischaemic
heart disease in England and Wales. Lancer. 1986;1:1077-1081.

Battaglia FC. Placental transport: a function of permeability and perfusion.
Am J Clin Nutr. 2007;85:591S-597S.

Bax BE, Bloxam DL. Energy metabolism and glycolysis in human pla-
cental trophoblast cells during differentiation. Biochim Biophys Acta.
1997;1319:283-292.

Baylis JR. The evolution of parental care in fishes, with reference to Darwin’s
rule of male sexual selection. Environ Biol Fishes. 1981;6:223-251.

Belkacemi L, Bedard I, Simoneau L, Lafond J. Calcium channels, transport-
ers and exchangers in placenta: a review. Cell Calcium. 2005;37:1-8.

Bell AW, Kennaugh JM, Battaglia FC, Makowski EL, Meschia G. Metabolic
and circulatory studies of fetal lamb at midgestation. Am J Physiol.
1986;250:E538-E544.

Benirschke K, Bloch E, Hertig AT. Concerning the function of the fetal
zone of the human adrenal gland. Endocrinology. 1956;58:598-625.

Benirschke K, Kaufmann P. Pathology of the Human Placenta. New York:
Springer-Verlag; 1995.

Berg DK, Smith CS, Pearton DJ, et al. Trophectoderm lineage determina-
tion in cattle. Dev Cell. 2011;20:244-255.

Berry SA, Srivastava CH, Rubin LR, Phipps WR, Pescovitz OH. Growth
hormone-releasing hormone-like messenger ribonucleic acid and
immunoreactive peptide are present in human testis and placenta.
] Clin Endocrinol Metab. 1992;75:281-284.

Bhaumick B, George D, Bala RM. Potentiation of epidermal growth factor-
induced differentiation of cultured human placental cells by insulin-like
growth factor-1. J Clin Endocrinol Metab. 1992;74:1005-1011.

Bianco-Miotto T, Mayne BT, Buckberry S, Breen J, Rodriguez Lopez
CM, Roberts CT. Recent progress towards understanding the role of
DNA methylation in human placental development. Reproduction.
2016;152:R23-R30.

Blond JL, Lavillette D, Cheynet V, et al. An envelope glycoprotein of the
human endogenous retrovirus HERV-W is expressed in the human
placenta and fuses cells expressing the type D mammalian retrovirus
receptor. J Virol. 2000;74:3321-3329.

Boehlert GW, Kusakari M, Yamada J. Oxygen consumption of gestating
female Sebastes schlegeli: Estimating the reproductive costs of livebearing.
Environ Biol Fishes. 1991;30:81-89.

Bradshaw KD, Carr BR. Placental sulfatase deficiency: maternal and fetal
expression of steroid sulfatase deficiency and X-linked ichthyosis. Obster
Gynecol Surv. 1986;41:401-413.

Branchaud CL, Goodyer CG, Lipowski LS. Progesterone and estrogen
production by placental monolayer cultures: effect of dehydroepiandros-
terone and luteinizing hormone-releasing hormone. J Clin Endocrinol
Metab. 1983;56:761-766.

Brosens I, Pijnenborg R, Vercruysse L, Romero R. The “Great Obstetrical
Syndromes” are associated with disorders of deep placentation. Am J
Obstet Gynecol. 2011;204:193-201.

Burton GJ. Oxygen, the Janus gas; its effects on human placental develop-
ment and function. J Anat. 2009;215:27-35.

Burton GJ, Fowden AL, Thornburg KL. Placental origins of chronic
disease. Physiol Rev. 2016;96:1509-1565.

Cantor JM, Ginsberg MH. CD98 at the crossroads of adaptive immunity
and cancer. J Cell Sci. 2012;125:1373-1382.

Carr BR, Gant NE The endocrinology of pregnancy-induced hypertension.
Clin Perinatol. 1983;10:737-761.

Carter AM. Placental oxygen consumption. Part I: in vivo studies—a
review. Placenta. 2000521 (supplA):S31-S37.

Carter BS, Moores RR Jr, Battaglia FC, Meschia G. Ovine fetal placental
lactate exchange and decarboxylation at midgestation. Am J Physiol.
1993;264:E221-E225.

Casey ML, Macdonald PC. Decidual activation: the role of prostaglandins
in labor. In: Mcnellis D, Challis J, Macdonald P, Nathanielsz B, Roberts
J, eds. The Onset of Labor: Cellular and Integrative Mechanisms. Ithaca,
NY: Perinatology Press; 1988.

Catalano PM, McIntyre HD, Cruickshank JK, et al. The hyperglycemia
and adverse pregnancy outcome study: associations of GDM and
obesity with pregnancy outcomes. Diabetes Care. 2012;35:780-786.

Cetin I. Amino acid interconversions in the fetal-placental unit: the animal
model and human studies in vivo. Pediatr Res. 2001;49:148-154.

Cetin I, De Santis MS, Taricco E, et al. Maternal and fetal amino acid
concentrations in normal pregnancies and in pregnancies with gestational
diabetes mellitus. Am J Obster Gynecol. 2005;192:610-617.

Cetin I, Fennessey PV, Sparks JW, Meschia G, Battaglia FC. Fetal serine
fluxes across fetal liver, hindlimb, and placenta in late gestation. Am
J Physiol. 1992;263:E786-E793.

Challis JR, Lockwood CJ, Myatt L, Norman JE, Strauss JF 3rd, Petraglia
E Inflammation and pregnancy. Reprod Sci. 2009;16:206-215.




60.e2 PART Il

Fetal Growth and Development

Challis JR, Patrick JE. The production of prostaglandins and thromboxanes
in the feto-placental unit and their effects on the developing fetus.
Semin Perinatol. 1980;4:23-33.

Challis JR, Sloboda D, Matthews SG, et al. The fetal placental hypothalamic-
pituitary-adrenal (HPA) axis, parturition and post natal health. Mo/
Cell Endocrinol. 2001;185:135-144.

Chan SY, Vasilopoulou E, Kilby MD. The role of the placenta in thyroid
hormone delivery to the fetus. Nat Clin Pract Endocrinol Metab. 2009;5:
45-54.

Chao HS, Myers SE, Handwerger S. Endothelin inhibits basal and
stimulated release of prolactin by human decidual cells. Endocrinology.
1993;133:505-510.

Chaouat G, Zourbas S, Ostojic S, et al. A brief review of recent data
on some cytokine expressions at the materno-foetal interface which
might challenge the classical Th1/Th2 dichotomy. / Reprod Immunol.
2002;53:241-256.

Chegini N, Rao CV. Epidermal growth factor binding to human amnion,
chorion, decidua, and placenta from mid- and term pregnancy: quan-
titative light microscopic autoradiographic studies. / Clin Endocrinol
Metab. 1985;61:529-535.

Chen CP, Chen LF, Yang SR, et al. Functional characterization of the
human placental fusogenic membrane protein syncytin 2. Biol Reprod.
2008;79:815-823.

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mito-
fusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and
are essential for embryonic development. J Cell Biol. 2003;160:189-200.

Cheng CK, Leung PC. Molecular biology of gonadotropin-releasing
hormone (GnRH)-1, GnRH-1I, and their receptors in humans. Endocr
Rev. 2005;26:283-306.

Chen DB, Zheng J. Regulation of placental angiogenesis. Microcirculation.
2014;21:15-25.

Chim SS, Shing TK, Hung EC, et al. Detection and characterization of
placental microRNAs in maternal plasma. Clin Chem. 2008;54:482-490.

Choi KS, Bae MK, Jeong JW, Moon HE, Kim KW. Hypoxia-induced angio-
genesis during carcinogenesis. J Biochem Mol Biol. 2003;36:120-127.

Choi HJ, Sanders TA, Tormos KV, et al. ECM-dependent HIF induction
directs trophoblast stem cell fate via LIMK1-mediated cytoskeletal
rearrangement. PLoS ONE. 2013;8:¢56949.

Chou CS, Maccalman CD, Leung PC. Differential effects of gonadotropin-
releasing hormone I and II on the urokinase-type plasminogen activator/
plasminogen activator inhibitor system in human decidual stromal cells
in vitro. J Clin Endocrinol Metab. 2003;88:3806-3815.

Christiansen OB. Reproductive immunology. Mol Immunol. 2013;55:8-15.

Chung M, Teng C, Timmerman M, Meschia G, Battaglia FC. Production
and utilization of amino acids by ovine placenta in vivo. Am J Physiol.
1998;274:E13-E22.

Chuong EB, Rumi MA, Soares MJ, Baker JC. Endogenous retroviruses
function as species-specific enhancer elements in the placenta. Nat
Genet. 2013;45:325-329.

Clutton-Brock TH. 7he Evolution of Parental Care. Princeton, NJ: Princeton
University Press; 1991.

Coan PM, Vaughan OR, Sekita Y, et al. Adaptations in placental phenotype
support fetal growth during undernutrition of pregnant mice. / Physiol.
2010;588:527-538.

Corbacho AM, Martinez De La Escalera G, Clapp C. Roles of prolactin and
related members of the prolactin/growth hormone/placental lactogen
family in angiogenesis. / Endocrinol. 2002;173:219-238.

Cowden Dahl KD, Fryer BH, Mack FA, et al. Hypoxia-inducible factors
lalpha and 2alpha regulate trophoblast differentiation. Mo/ Cell Biol.
2005;25:10479-10491.

Csapo Al Pulkkinen MO, Wiest WG. Effects of luteectomy and proges-
terone replacement therapy in early pregnant patients. Am J Obstet
Gynecol. 1973;115:759-765.

Cuffe JS, Holland O, Salomon C, Rice GE, Perkins AV. Review: Pla-
cental derived biomarkers of pregnancy disorders. Placenta. 2017. pii:
S0143-4004(17)30121-2.

Curtin WM, Krauss S, Metlay LA, Katzman PJ. Pathologic examination
of the placenta and observed practice. Obstet Gynecol. 2007;109:35-41.

Da Fonseca EB, Bittar RE, Carvalho MH, Zugaib M. Prophylactic
administration of progesterone by vaginal suppository to reduce the
incidence of spontaneous preterm birth in women at increased risk:
a randomized placebo-controlled double-blind study. Am J Obster
Gynecol. 2003;188:419-424.

Daayana S, Baker P, Crocker I. An image analysis technique for the
investigation of variations in placental morphology in pregnancies
complicated by preeclampsia with and without intrauterine growth
restriction. J Soc Gynecol Investig. 2004;11:545-552.

Dalton B, Christian HC, Redman CW, Sargent IL, Boyd CA. Membrane
trafficking of CD98 and its ligand galectin 3 in BeWo cells—implication
for placental cell fusion. FEBS J. 2007;274:2715-2727.

Das C, Talwar GP. Pregnancy-terminating action of a luteinizing hormone-
releasing hormone agonist D-Ser(But)6desGly10ProEA in baboons.
Fertil Steril. 1983;39:218-223.

Dealtry GB, O’farrell MK, Fernandez N. The Th2 cytokine environment
of the placenta. Int Arch Allergy Immunol. 2000;123:107-119.

Derwig IE, Akolekar R, Zelaya FO, Gowland PA, Barker GJ, Nicolaides
KH. Association of placental volume measured by MRI and birth
weight percentile. / Magn Reson Imaging. 2011;34:1125-1130.

Desforges M, Sibley CP. Placental nutrient supply and fetal growth. /nz
J Dev Biol. 2010;54:377-390.

Di Renzo GC, Giardina I, Clerici G, Mattei A, Alajmi AH, Gerli S. The
role of progesterone in maternal and fetal medicine. Gynecol Endocrinol.
2012;28:925-932.

Dietrich JE, Hiiragi T. Stochastic processes during mouse blastocyst
patterning. Cells Tissues Organs. 2008;188:46-51.

Dilworth MR, Kusinski LC, Cowley E, et al. Placental-specific Igf2
knockout mice exhibit hypocalcemia and adaptive changes in placental
calcium transport. Proc Natl Acad Sci USA. 2010;107:3894-3899.

Dilworth MR, Sibley CP. Review: Transport across the placenta of mice
and women. Placenta. 2013;34(suppl):S34-S39.

Dimasuay KG, Boeuf B, Powell TL, Jansson T. Placental responses to
changes in the maternal environment determine fetal growth. Front
Physiol. 2016;7:12.

Dombroski RA, Casey ML, Macdonald PC. 5-Alpha-dihydroprogesterone
formation in human placenta from 5alpha-pregnan-3beta/alpha-ol-20-
ones and 5-pregnan-3beta-yl-20-one sulfate. J Steroid Biochem Mol
Biol. 1997;63:155-163.

Donnison M, Beaton A, Davey HW, Broadhurst R, Lhuillier P, Pfeffer
PL. Loss of the extraembryonic ectoderm in Elf5 mutants leads
to defects in embryonic patterning. Development. 2005;132:2299-
2308.

Dorr HG, Heller A, Versmold HT, et al. Longitudinal study of progestins,
mineralocorticoids, and glucocorticoids throughout human pregnancy.
J Clin Endocrinol Metab. 1989;68:863-868.

Dupressoir A, Vernochet C, Bawa O, et al. Syncytin-A knockout mice
demonstrate the critical role in placentation of a fusogenic, endog-
enous retrovirus-derived, envelope gene. Proc Natl Acad Sci USA.
2009;106:12127-12132.

Dupressoir A, Vernochet C, Harper F, et al. A pair of co-opted retroviral
envelope syncytin genes is required for formation of the two-layered
murine placental syncytiotrophoblast. Proc Natl Acad Sci USA.
2011;108:E1164-E1173.

Edgar BA, Zielke N, Gutierrez C. Endocycles: a recurrent evolution-
ary innovation for post-mitotic cell growth. Nat Rev Mol Cell Biol.
2014;15:197-210.

Eggenschwiler J, Ludwig T, Fisher P, Leighton PA, Tilghman SM, Efstratiadis
A. Mouse mutant embryos overexpressing IGF-IT exhibit phenotypic
features of the Beckwith-Wiedemann and Simpson-Golabi-Behmel
syndromes. Genes Dev. 1997;11:3128-3142.

Eichenwald EC, Stark AR. Management and outcomes of very low birth
weight. IV Engl ] Med. 2008;358:1700-1711.

Erlebacher A, Price KA, Glimcher LH. Maintenance of mouse trophoblast
stem cell proliferation by TGF-beta/activin. Dev Biol. 2004;275:158-169.

Erlich J, Parry GC, Fearns C, et al. Tissue factor is required for uterine
hemostasis and maintenance of the placental labyrinth during gestation.

Proc Natl Acad Sci USA. 1999;96:8138-8143.



CHAPTER 5 Development, Function, and Pathology of the Placenta

Esnault C, Priet S, Ribet D, et al. A placenta-specific receptor for the
fusogenic, endogenous retrovirus-derived, human syncytin-2. Proc
Natl Acad Sci USA. 2008;105:17532-17537.

Farina A, Leshane ES, Romero R, et al. High levels of fetal cell-free DNA
in maternal serum: a risk factor for spontaneous preterm delivery. Am
J Obster Gynecol. 2005;193:421-425.

Florio B, Franchini A, Reis FM, Pezzani I, Ottaviani E, Petraglia F. Human
placenta, chorion, amnion and decidua express different variants of
corticotropin-releasing factor receptor messenger RNA. Placenta.
2000;21:32-37.

Florio P, Luisi S, Ciarmela B, Severi FM, Bocchi C, Petraglia E Inhibins
and activins in pregnancy. Mol Cell Endocrinol. 20042;225:93-100.

Florio P, Vale W, Petraglia F. Urocortins in human reproduction. Peptides.
2004b;25:1751-1757.

Forbes K, Westwood M. The IGF axis and placental function. a mini
review. Horm Res. 2008;69:129-137.

Forbes K, Westwood M, Baker PN, Aplin JD. Insulin-like growth factor
I and II regulate the life cycle of trophoblast in the developing human
placenta. Am J Physiol Cell Physiol. 2008;294:C1313-C1322.

Forhead AJ, Fowden AL. Thyroid hormones in fetal growth and prepartum
maturation. J Endocrinol. 2014;221:R87-R103.

Fournier T, Guibourdenche J, Evain-Brion D. Review: hCGs: Different
sources of production, different glycoforms and functions. Placenta.
2015;36(suppl 1):S60-S65.

Frim DM, Emanuel RL, Robinson BG, Smas CM, Adler GK, Majzoub
JA. Characterization and gestational regulation of corticotropin-
releasing hormone messenger RNA in human placenta. J Clin Invest.
1988;82:287-292.

Fritz MA, Guo SM. Doubling time of human chorionic gonadotropin
(hCG) in early normal pregnancy: relationship to hCG concentration
and gestational age. Ferzil Steril. 1987;47:584-589.

Fuchs AR, Fields MJ, Freidman S, Shemesh M, Ivell R. Oxytocin and the
timing of parturition. Influence of oxytocin receptor gene expression,
oxytocin secretion, and oxytocin-induced prostaglandin F2 alpha and
E2 release. Adv Exp Med Biol. 1995;395:405-420.

Fuglsang J, Lauszus FE Fisker S, Flyvbjerg A, Ovesen P. Growth hormone
binding protein and maternal body mass index in relation to placental
growth hormone and insulin requirements during pregnancy in type
1 diabetic women. Growth Horm IGF Res. 2005;15:223-230.

Gagnon A, Wilson RD, Audibert E et al. Obstetrical complications
associated with abnormal maternal serum markers analytes. / Obstet
Gynaecol Can. 2008;30:918-949.

Gasperowicz M, Rai A, Cross JC. Spatiotemporal expression of Notch
receptors and ligands in developing mouse placenta. Gene Expr Patterns.
2013;13:249-254.

Gauster M, Siwetz M, Orendi K, Moser G, Desoye G, Huppertz B.
Caspases rather than calpains mediate remodelling of the fodrin skeleton
during human placental trophoblast fusion. Cell Death Differ. 2010;
17:336-345.

Genbacev O, Donne M, Kapidzic M, et al. Establishment of human
trophoblast progenitor cell lines from the chorion. Stem Cells.
2011;29:1427-1436.

Georgiades P, Rossant J. Ets2 is necessary in trophoblast for normal
embryonic anteroposterior axis development. Development.
2006;133:1059-1068.

Ghulmiyyah L, Sibai B. Maternal mortality from preeclampsia/eclampsia.
Semin Perinatol. 2012;36:56-59.

Gicquel C, Le Bouc Y. Hormonal regulation of fetal growth. Horm Res.
2006;65(suppl 3):28-33.

Gimpl G, Fahrenholz F. The oxytocin receptor system: structure, function,
and regulation. Physiol Rev. 2001;81:629-683.

Goldenberg RL, Culhane JE Iams JD, Romero R. Epidemiology and
causes of preterm birth. Lancet. 2008;371:75-84.

Goodwin NB, Dulvy NK, Reynolds JD. Life-history correlates of the
evolution of live bearing in fishes. Philos Trans R Soc Lond B Biol Sci.
2002;357:259-267.

Grumbach MM, Kaplan SL, Sciarra JJ, Burr IM. Chorionic growth

hormone-prolactin (CGP): secretion, disposition, biologic activity in

man, and postulated function as the “growth hormone” of the 2d half
of pregnancy. Ann N'Y Acad Sci. 1968;148:501-531.

Gualillo O, Caminos J, Blanco M, et al. Ghrelin, a novel placental-derived
hormone. Endocrinology. 2001;142:788-794.

Guttmacher AE, Maddox YT, Spong CY. The Human Placenta Project:
placental structure, development, and function in real time. Placenta.
2014;35:303-304.

Guttmacher AE, Spong CY. The Human Placenta Project: it’s time for
real time. Am J Obstet Gynecol. 2015;213:5S3-S5.

Guzman-Ayala M, Ben-Haim N, Beck S, Constam DB. Nodal protein
processing and fibroblast growth factor 4 synergize to maintain a
trophoblast stem cell microenvironment. Proc Natl Acad Sci USA.
2004;101:15656-15660.

Han VK, Carter AM. Spatial and temporal patterns of expression of
messenger RNA for insulin-like growth factors and their binding
proteins in the placenta of man and laboratory animals. Placenta.
2000;21:289-305.

Handwerger S, Freemark M. The roles of placental growth hormone
and placental lactogen in the regulation of human fetal growth and
development. J Pediatr Endocrinol Metab. 2000;13:343-356.

Haning RV Jr, Choi L, Kiggens AJ, Kuzma DL. Effects of prostaglandins,
dibutyryl cAMP, LHRH, estrogens, progesterone, and potassium on
output of prostaglandin F2 alpha, 13, 14-dihydro-15-keto-prostaglandin
F2 alpha, hCG, estradiol, and progesterone by placental minces.
Prostaglandins. 1982;24:495-506.

Harada N. Genetic analysis of human placental aromatase deficiency.
] Steroid Biochem Mol Biol. 1993;44:331-340.

Hardy DB, Janowski BA, Corey DR, Mendelson CR. Progesterone receptor
plays a major antiinflammatory role in human myometrial cells by
antagonism of nuclear factor-kappaB activation of cyclooxygenase 2
expression. Mol Endocrinol. 2006;20:2724-2733.

Harper MJ, Khodr GS, Valenzuela G. Prostaglandin production by
human term placentas in vitro. Prostaglandins Leukor Med. 1983;11:
121-129.

Hauguel-De Mouzon S, Guerre-Millo M. The placenta cytokine network
and inflammatory signals. Placenta. 2006;27:794-798.

Hauguel-De Mouzon S, Lepercq J, Catalano P. The known and unknown
of leptin in pregnancy. Am J Obstet Gynecol. 2006;194:1537-1545.

Hay DL, Lopata A. Chorionic gonadotropin secretion by human embryos
in vitro. J Clin Endocrinol Metab. 1988;67:1322-1324.

Henson MC, Castracane VD. Leptin in pregnancy. Biol Reprod. 2000;63:
1219-1228.

Higashi K. Studies on the prolactin-like substance in human placenta.
1. Endocrinol Jpn. 1961;8:288-296.

Hill D], Clemmons DR, Riley SC, Bassett N, Challis JR. Immunohis-
tochemical localization of insulin-like growth factors (IGFs) and IGF
binding proteins -1, -2 and -3 in human placenta and fetal membranes.
Placenta. 1993;14:1-12.

Hirashima M, Lu Y, Byers L, Rossant J. Trophoblast expression of fms-
like tyrosine kinase 1 is not required for the establishment of the
maternal-fetal interface in the mouse placenta. Proc Natl Acad Sci
USA. 2003;100:15637-15642.

Hirate Y, Hirahara S, Inoue K, et al. Polarity-dependent distribution of
angiomotin localizes Hippo signaling in preimplantation embryos.
Curr Biol. 2013;23:1181-1194.

Hirst JJ, Kelleher MA, Walker DW, Palliser HK. Neuroactive steroids
in pregnancy: key regulatory and protective roles in the foetal brain.
] Steroid Biochem Mol Biol. 2014;139:144-153.

Holzman C, Jetton J, Siler-Khodr T, Fisher R, Rip T. Second trimester
corticotropin-releasing hormone levels in relation to preterm delivery
and ethnicity. Obster Gynecol. 2001;97:657-663.

Hu D, Cross JC. Development and function of trophoblast giant cells in
the rodent placenta. Int J Dev Biol. 2010;54:341-354.

Hughes RL, Hall LS. Early development and embryology of the platypus.
Philos Trans R Soc Lond B Biol Sci. 1998;353:1101-1114.

Hunkapiller NM, Gasperowicz M, Kapidzic M, et al. A role for Notch
signaling in trophoblast endovascular invasion and in the pathogenesis
of pre-eclampsia. Development. 2011;138:2987-2998.




60.e4 PART Il

Fetal Growth and Development

Hunt JS, Pace JL, Gill RM. Immunoregulatory molecules in human
placentas: potential for diverse roles in pregnancy. Int | Dev Biol.
2010;54:457-467.

Huppertz B, Frank HG, Reister E Kingdom ], Korr H, Kaufmann P.
Apoptosis cascade progresses during turnover of human trophoblast:
analysis of villous cytotrophoblast and syncytial fragments in vitro.
Lab Invest. 1999;79:1687-1702.

Huppertz B, Gauster M. Trophoblast fusion. Adv Exp Med Biol.
2011;713:81-95.

Hussa RO. Biosynthesis of human chorionic gonadotropin. Endocr Rev.
1980;1:268-294.

Ietta F, Wu Y, Romagnoli R, et al. Oxygen regulation of macrophage
migration inhibitory factor in human placenta. Am J Physiol Endocrinol
Metab. 2007;292:E272-E280.

Illsley NP, Caniggia I, Zamudio S. Placental metabolic reprogramming:
do changes in the mix of energy-generating substrates modulate fetal
growth? Int | Dev Biol. 2010;54:409-419.

Jagannadha Rao A, Chakraborti R, Kotagi SG, Ravindranath N, Moudgal
NR. Effect of LHRH agonists and antagonists in male and female
bonnet monkeys (Macaca radiata). / Steroid Biochem. 1985;23:807-
809.

Jameson JL, Jaffe RC, Gleason SL, Habener JFE. Transcriptional regulation
of chorionic gonadotropin alpha- and beta-subunit gene expres-
sion by 8-bromo-adenosine 3’,5’-monophosphate. Endocrinology.
1986;119:2560-2567.

Jansson T, Cetin I, Powell TL, et al. Placental transport and metabolism
in fetal overgrowth —a workshop report. Placenta. 200627 (supplA):
S109-S113.

Jansson T, Powell TL. Role of the placenta in fetal programming;: underly-
ing mechanisms and potential interventional approaches. Clin Sci.
2007;113:1-13.

Jansson T, Powell TL. Role of placental nutrient sensing in developmental
programming. Clin Obstet Gynecol. 2013;56:591-601.

Jansson T, Wennergren M, Illsley NP. Glucose transporter protein expression
in human placenta throughout gestation and in intrauterine growth
retardation. J Clin Endocrinol Metab. 1993;77:1554-1562.

Januar V, Desoye G, Novakovic B, Cvitic S, Saffery R. Epigenetic regulation
of human placental function and pregnancy outcome: considerations
for causal inference. Am ] Obstet Gynecol. 2015;213:5182-S196.

Jauniaux E, Hempstock ], Teng C, Battaglia FC, Burton GJ. Polyol
concentrations in the fluid compartments of the human conceptus
during the first trimester of pregnancy: maintenance of redox poten-
tial in a low oxygen environment. J Clin Endocrinol Metab. 2005;
90:1171-1175.

Jokhi PP, King A, Loke YW. Cytokine production and cytokine receptor
expression by cells of the human first trimester placental-uterine
interface. Cyrokine. 1997;9:126-137.

Jones SA, Brooks AN, Challis JR. Steroids modulate corticotropin-releasing
hormone production in human fetal membranes and placenta. / Clin
Endocrinol Metab. 1989;68:825-830.

Jones SA, Challis JR. Local stimulation of prostaglandin production
by corticotropin-releasing hormone in human fetal membranes and
placenta. Biochem Biophys Res Commun. 1989;159:192-199.

Josimovich JB, Maclaren JA. Presence in the human placenta and term
serum of a highly lactogenic substance immunologically related to
pituitary growth hormone. Endocrinology. 1962;71:209-220.

Kalkunte S, Chichester CO, Gotsch F, Sentman CL, Romero R, Sharma
S. Evolution of non-cytotoxic uterine natural killer cells. An J Reprod
Immunol. 2008;59:425-432.

Kalkunte SS, Mselle TE, Norris WE, Wira CR, Sentman CL, Sharma S.
Vascular endothelial growth factor C facilitates immune tolerance and
endovascular activity of human uterine NK cells at the maternal-fetal
interface. J Immunol. 2009;182:4085-4092.

Kallen CB. Steroid hormone synthesis in pregnancy. Obstet Gynecol Clin
North Am. 2004;31:795-816, x.

Kanda Y, Richards RG, Handwerger S. Apolipoprotein A-I stimulates
human placental lactogen release by activation of MAP kinase. Mo/

Cell Endocrinol. 1998;143:125-1231.

Kang IS, Kuehl TJ, Siler-Khodr TM. Effect of treatment with gonadotropin-
releasing hormone analogues on pregnancy outcome in the baboon.
Fertil Steril. 1989;52:846-853.

Kasahara A, Cipolat S, Chen Y, Dorn GW 2nd, Scorrano L. Mitochondrial
fusion directs cardiomyocyte differentiation via calcineurin and Notch
signaling. Science. 2013;342:734-737.

Kaufmann P, Mayhew TM, Charnock-Jones DS. Aspects of human
fetoplacental vasculogenesis and angiogenesis. II. Changes during
normal pregnancy. Placenta. 2004;25:114-126.

Kavitha JV, Rosario FJ, Nijland M]J, et al. Down-regulation of placen-
tal mTOR, insulin/IGF-I signaling, and nutrient transporters in
response to maternal nutrient restriction in the baboon. FASEB J.
2014;28:1294-1305.

Keelan JA, Marvin KW, Sato TA, Coleman M, McCowan LM, Mitchell
MD. Cytokine abundance in placental tissues: evidence of inflammatory
activation in gestational membranes with term and preterm parturition.
Am ] Obster Gynecol. 1999;181:1530-1536.

Keniry A, Oxley D, Monnier B et al. The H19 lincRNA is a developmental
reservoir of miR-675 that suppresses growth and Igflr. Nat Cell Biol.
2012;14:659-665.

Khodr GS, Siler-Khodr T. Localization of luteinizing hormone-releasing
factor in the human placenta. Fertil Steril. 1978;29:523-526.

Khodr GS, Siler-Khodr TM. Placental luteinizing hormone-releasing factor
and its synthesis. Science. 1980;207:315-317.

Khong TY, Mooney EE, Ariel I, et al. Sampling and Definitions of Placental
Lesions: Amsterdam Placental Workshop Group Consensus Statement.
Arch Pathol Lab Med. 2016;140:698-713.

Kibschull M, Gellhaus A, Winterhager E. Analogous and unique functions
of connexins in mouse and human placental development. Placenta.
2008;29:848-854.

Kibschull M, Winterhager E. Connexins and trophoblast cell lineage
development. Methods Mol Med. 2006;121:149-158.

Kim YM, Bujold E, Chaiworapongsa T, et al. Failure of physiologic
transformation of the spiral arteries in patients with preterm labor
and intact membranes. Am ] Obstet Gynecol. 2003;189:1063-1069.

Kim YM, Chaiworapongsa T, Gomez R, et al. Failure of physiologic
transformation of the spiral arteries in the placental bed in preterm
premature rupture of membranes. Am J Obster Gynecol. 2002;187:1137-
1142.

Kim CJ, Romero R, Chaemsaithong P, Chaiyasit N, Yoon BH, Kim YM.
Acute chorioamnionitis and funisitis: definition, pathologic features,
and clinical significance. Am J Obstet Gynecol. 20152;213:529-552.

Kim CJ, Romero R, Chaemsaithong B, Kim JS. Chronic inflammation
of the placenta: definition, classification, pathogenesis, and clinical
significance. Am J Obster Gynecol. 2015b;213:S53-S69.

Kimber SJ. Leukaemia inhibitory factor in implantation and uterine
biology. Reproduction. 2005;130:131-145.

Kingdom J, Huppertz B, Seaward G, Kaufmann P. Development of the
placental villous tree and its consequences for fetal growth. Eur J Obster
Gynecol Reprod Biol. 2000;92:35-43.

Knofler M, Pollheimer J. Human placental trophoblast invasion and
differentiation: a particular focus on Wnt signaling. Front Genet.
2013;4:190.

Knott JG, Paul S. Transcriptional regulators of the trophoblast
lineage in mammals with hemochorial placentation. Reproduction.
2014;148:R121-R136.

Kovalevskaya G, Birken S, Kakuma T, O’connor JE Early pregnancy human
chorionic gonadotropin (hCG) isoforms measured by an immunometric
assay for choriocarcinoma-like hCG. J Endocrinol. 1999;161:99-106.

Krieger DT. Placenta as a source of ‘brain’ and ‘pituitary’ hormones. Bio/
Reprod. 1982;26:55-71.

Kubota T, Kamada S, Taguchi M, Aso T. [The effects of insulin-like
growth factor-I (IGF-I) and IGF-II on prolactin (PRL) release from
human decidua and amniotic fluid circulation]. Nippon Sanka Fujinka
Gakkai Zasshi. 1991;43:1515-1520.

Kudo Y, Boyd CA. RNA interference-induced reduction in CD98 expression
suppresses cell fusion during syncytialization of human placental BeWo

cells. FEBS Lett. 2004;577:473-477.



CHAPTER 5 Development, Function, and Pathology of the Placenta

Kudo Y, Boyd CA, Millo J, Sargent IL, Redman CW. Manipulation of
CD98 expression affects both trophoblast cell fusion and amino acid
transport activity during syncytialization of human placental BeWo
cells. J Physiol. 2003;550:3-9.

Lachapelle J, Chen M, Oskoui M, Ali N, Brown R, Wintermark P.
Placental pathology in asphyxiated newborns treated with therapeutic
hypothermia. J Neonatal Perinatal Med. 2015;8:33-40.

Laham N, Brennecke SP, Rice GE. Interleukin-8 release from human
gestational tissue explants: the effects of lipopolysaccharide and
cytokines. Biol Reprod. 1997;57:616-620.

Lam G, Kuller J, McMahon M. Use of magnetic resonance imaging and
ultrasound in the antenatal diagnosis of placenta accreta. / Soc Gynecol
Investig. 2002;9:37-40.

Landers KA, McKinnon BD, Li H, Subramaniam VN, Mortimer RH,
Richard K. Carrier-mediated thyroid hormone transport into placenta
by placental transthyretin. / Clin Endocrinol Metab. 2009;94:2610-2616.

Lanir N, Aharon A, Brenner B. Procoagulant and anticoagulant mechanisms
in human placenta. Semin Thromb Hemost. 2003;29:175-184.

Laresgoiti-Servitje E, Gomez-Lopez N, Olson DM. An immuno-
logical insight into the origins of pre-eclampsia. Hum Reprod Update.
2010;16:510-524.

Lash GE, Otun HA, Innes BA, et al. Interferon-gamma inhibits extravillous
trophoblast cell invasion by a mechanism that involves both changes
in apoptosis and protease levels. FASEB J. 2006;20:2512-2518.

Latos PA, Hemberger M. Review: the transcriptional and signalling networks
of mouse trophoblast stem cells. Placenta. 2014;35(suppl):S81-S85.

Lemaire S, Valette A, Chouinard L, et al. Purification and identification
of multiple forms of dynorphin in human placenta. Neuropeptides.
1983;3:181-191.

Levine RJ, Maynard SE, Qian C, et al. Circulating angiogenic factors and
the risk of preeclampsia. N Engl | Med. 2004a;350:672-683.

Levine R], Qian C, Leshane ES, et al. Two-stage elevation of cell-free
fetal DNA in maternal sera before onset of preeclampsia. Am J Obstet
Gynecol. 2004b;190:707-713.

Leviton A, Paneth N, Reuss ML, et al. Maternal infection, fetal inflam-
matory response, and brain damage in very low birth weight infants.
Developmental Epidemiology Network Investigators. Pediatr Res.
1999;46:566-575.

Lewis P. The role of prostacyclin in pre-eclampsia. Br J Hosp Med.
1982;28:393-395.

Li Y, Parast MM. BMP4 regulation of human trophoblast development.
Int | Dev Biol. 2014;58:239-246.

Li H, Patel ], Mortimer RH, Richard K. Ontogenic changes in human pla-
cental sodium iodide symporter expression. Placenta. 2012;33:946-948.

Licht P, Cao H, Lei ZM, Rao CV, Merz WE. Novel self-regulation of
human chorionic gonadotropin biosynthesis in term pregnancy human
placenta. Endocrinology. 1993;133:3014-3025.

Linnemann K, Malek A, Schneider H, Fusch C. Physiological and
pathological regulation of feto/placento/maternal leptin expression.
Biochem Soc Trans. 2001;29:86-90.

Liu Y, Zhao Y, Yu A, Zhao B, Gao Y, Niu H. Diagnostic accuracy of
the soluble Fms-like tyrosine kinase-1/placental growth factor ratio
for preeclampsia: a meta-analysis based on 20 studies. Arch Gynecol
Obster. 2015;292:507-518.

Loke YW, King A. Immunological aspects of human implantation.
J Reprod Fertil Suppl. 2000;55:83-90.

Lundin-Schiller S, Mitchell MD. Prostaglandin production by human
chorion laeve cells in response to inflammatory mediators. Placenta.
1991;12:353-363.

Lyden TW, Ng AK, Rote NS. Modulation of phosphatidylserine epitope
expression by BeWo cells during forskolin treatment. Placenta.
1993;14:177-186.

Lynch V], Leclerc RD, May G, Wagner GP. Transposon-mediated rewiring
of gene regulatory networks contributed to the evolution of pregnancy
in mammals. Nat Genet. 2011;43:1154-1159.

Lynch AM, Murphy JR, Byers T, et al. Alternative complement pathway
activation fragment Bb in early pregnancy as a predictor of preeclampsia.

Am ] Obstet Gynecol. 2008;198:385.¢1-385.¢9.

Lynch VJ, Nnamani MC, Kapusta A, et al. Ancient transposable elements
transformed the uterine regulatory landscape and transcriptome during
the evolution of mammalian pregnancy. Cel/ Rep. 2015;10:551-561.

Madden JD, Gant NE Macdonald PC. Study of the kinetics of conversion
of maternal plasma dehydroisoandrosterone sulfate to 16 alpha-
hydroxydehydroisoandrosterone sulfate, estradiol, and estriol. Am J
Obster Gynecol. 1978;132:392-395.

Majed BH, Khalil RA. Molecular mechanisms regulating the vascular
prostacyclin pathways and their adaptation during pregnancy and in
the newborn. Pharmacol Rev. 2012;64:540-582.

Makrigiannakis A, Zoumakis E, Kalantaridou S, Chrousos G. Endometrial
and placental CRH as regulators of human embryo implantation.
J Reprod Immunol. 2004;62:53-59.

Malassine A, Blaise S, Handschuh K, et al. Expression of the fusogenic
HERV-FRD Env glycoprotein (syncytin 2) in human placenta is
restricted to villous cytotrophoblastic cells. Placenta. 2007;28:185-191.

Maltepe E, Bakardjiev Al, Fisher S]. The placenta: transcriptional,
epigenetic, and physiological integration during development. J Clin
Invest. 2010;120:1016-1025.

Maltepe E, Krampitz GW, Okazaki KM, et al. Hypoxia-inducible factor-
dependent histone deacetylase activity determines stem cell fate in the
placenta. Development. 2005;132:3393-3403.

Margioris AN, Grino M, Protos P, Gold PW, Chrousos GP. Corticotropin-
releasing hormone and oxytocin stimulate the release of placental pro-
opiomelanocortin peptides. J Clin Endocrinol Metab. 1988;66:922-926.

Maruo T, Mochizuki M. Immunohistochemical localization of epidermal
growth factor receptor and myc oncogene product in human placenta:
implication for trophoblast proliferation and differentiation. Am J
Obster Gynecol. 1987;156:721-727.

Marzioni D, Capparuccia L, Todros T, Giovannelli A, Castellucci M.
Growth factors and their receptors: fundamental molecules for human
placental development. Jtal ] Anat Embryol. 2005;110:183-187.

Maston GA, Ruvolo M. Chorionic gonadotropin has a recent origin
within primates and an evolutionary history of selection. Mo/ Biol
Evol. 2002;19:320-335.

McGrath S, Smith R. Prediction of preterm delivery using plasma
corticotrophin-releasing hormone and other biochemical variables.
Ann Med. 2002;34:28-36.

McLean M, Smith R. Corticotrophin-releasing hormone and human
parturition. Reproduction. 2001;121:493-501.

Meis PJ, Klebanoff M, Thom E, et al. Prevention of recurrent preterm
delivery by 17 alpha-hydroxyprogesterone caproate. N Engl | Med.
2003;348:2379-2385.

Mesiano S, Chan EC, Fitter JT, Kwek K, Yeo G, Smith R. Progesterone
withdrawal and estrogen activation in human parturition are coordinated
by progesterone receptor A expression in the myometrium. / Clin
Endocrinol Metab. 2002;87:2924-2930.

Mesiano S, Jaffe RB. Developmental and functional biology of the primate
fetal adrenal cortex. Endocr Rev. 1997;18:378-403.

Mi S, Lee X, Li X, et al. Syncytin is a captive retroviral envelope protein
involved in human placental morphogenesis. Nazure. 2000;403:785-789.

Midgley Ar PG. Immunohistochemical localization of human chorionic
gonadotropin. J Exp Med. 1962;115:289.

Miehle K, Stepan H, Fasshauer M. Leptin, adiponectin and other adipokines
in gestational diabetes mellitus and pre-eclampsia. Clin Endocrinol
(Oxf). 2012;76:2-11.

Mitchell MD. Epidermal growth factor actions on arachidonic acid
metabolism in human amnion cells. Biochim Biophys Acta. 1987;928:
240-242.

Mitchell BE Chibbar R. Synthesis and metabolism of oxytocin in late
gestation in human decidua. Adv Exp Med Biol. 1995;395:365-380.

Mitchell MD, Peiris HN, Kobayashi M, et al. Placental exosomes in
normal and complicated pregnancy. Am J Obstet Gynecol. 2015;213:5173-
S181.

Mohan A, Asselin J, Sargent IL, Groome NP, Muttukrishna S. Effect of
cytokines and growth factors on the secretion of inhibin A, activin A
and follistatin by term placental villous trophoblasts in culture. Eur J
Endocrinol. 2001;145:505-511.




60.e6 PART Il

Fetal Growth and Development

Mold JE, Venkatasubrahmanyam S, Burt TD, et al. Fetal and adult
hematopoietic stem cells give rise to distinct T cell lineages in humans.
Science. 2010;330:1695-1699.

Monk D. Genomic imprinting in the human placenta. Am J Obstet Gynecol.
2015;213:S152-S162.

Montagnana M, Trenti T, Aloe R, Cervellin G, Lippi G. Human
chorionic gonadotropin in pregnancy diagnostics. Clin Chim Acta.
2011;412:1515-1520.

Moran M, Ryan ], Higgins M, Brennan PC, McAuliffe FM. Poor agree-
ment between operators on grading of the placenta. J Obster Gynaecol.
2011;31:24-28.

Morrish DW, Bhardwaj D, Dabbagh LK, Marusyk H, Siy O. Epidermal
growth factor induces differentiation and secretion of human chorionic
gonadotropin and placental lactogen in normal human placenta. / Clin
Endocrinol Metab. 1987;65:1282-1290.

Morrish DW, Dakour J, Li H. Functional regulation of human trophoblast
differentiation. J Reprod Immunol. 1998;39:179-195.

Mouillet JE Ouyang Y, Coyne CB, Sadovsky Y. MicroRNAs in placental
health and disease. Am J Obstet Gynecol. 2015;213:5163-S172.

Murphy VE, Smith R, Giles WB, Clifton VL. Endocrine regulation of
human fetal growth: the role of the mother, placenta, and fetus. Endocr
Rev. 2006;27:141-169.

Muyan M, Boime I. Secretion of chorionic gonadotropin from human
trophoblasts. Placenta. 1997;18:237-241.

Myatt L, Brewer AS, Brockman DE. The comparative effects of big endo-
thelin-1, endothelin-1, and endothelin-3 in the human fetal-placental
circulation. Am J Obstet Gynecol. 1992;167:1651-1656.

Nagamatsu T, Schust DJ. The contribution of macrophages to normal and
pathological pregnancies. Am J Reprod Immunol. 20102;63:460-471.

Nagamatsu T, Schust DJ. The immunomodulatory roles of macrophages
at the maternal-fetal interface. Reprod Sci. 2010b;17:209-218.

Nathan N, Sullivan SD. Thyroid disorders during pregnancy. Endocrinol
Metab Clin North Am. 2014;43:573-597.

Nestler JE. Modulation of aromatase and P450 cholesterol side-chain
cleavage enzyme activities of human placental cytotrophoblasts by insulin
and insulin-like growth factor I. Endocrinology. 1987;121:1845-1852.

Nevo O, Soleymanlou N, Wu Y, et al. Increased expression of sFlt-1 in in
vivo and in vitro models of human placental hypoxia is mediated by
HIE-1. Am ] Physiol Regul Integr Comp Physiol. 2006;291:R1085-R1093.

Newbern D, Freemark M. Placental hormones and the control of maternal
metabolism and fetal growth. Curr Opin Endocrinol Diabetes Obes.
2011;18:409-416.

Ng RK, Dean W, Dawson C, et al. Epigenetic restriction of embryonic cell
lineage fate by methylation of Elf5. Nat Cell Biol. 2008;10:1280-1290.

Niakan KK, Eggan K. Analysis of human embryos from zygote to blastocyst
reveals distinct gene expression patterns relative to the mouse. Dev
Biol. 2013;375:54-64.

Nicholson RC, King BR. Regulation of CRH gene expression in the
placenta. Front Horm Res. 2001;27:246-257.

Nishihira M, Yagihashi S. Immunohistochemical demonstration of
somatostatin-containing cells in the human placenta. Tohoku | Exp
Med. 1978;126:397-398.

Nishioka N, Inoue K, Adachi K, et al. The Hippo signaling pathway
components Lats and Yap pattern Tead4 activity to distinguish mouse
trophectoderm from inner cell mass. Dev Cell. 2009;16:398-410.

Nishioka N, Yamamoto S, Kiyonari H, et al. Tead4 is required for
specification of trophectoderm in pre-implantation mouse embryos.
Mech Dev. 2008;125:270-283.

Niwa H, Toyooka Y, Shimosato D, et al. Interaction between Oct3/4 and
Cdx2 determines trophectoderm differentiation. Ce/l. 2005;123:917-929.

O’Connor JE Ellish N, Kakuma T, Schlatterer J, Kovalevskaya G. Dif-
ferential urinary gonadotrophin profiles in early pregnancy and early
pregnancy loss. Prenat Diagn. 1998;18:1232-1240.

Osathanondh R, Tulchinsky D. Placental polypeptide hormones. In:
Tulchinsky D, Ryan K], eds. Maternal-Fetal Endocrinology. Philadelphia:
WB Saunders; 1980.

Parast MM, Aeder S, Sutherland AE. Trophoblast giant-cell differen-
tiation involves changes in cytoskeleton and cell motility. Dev Biol.
2001;230:43-60.

Parker CR Jr, Hankins GD, Guzick DS, Rosenfeld CR, Macdonald PC.
Ontogeny of unconjugated estriol in fetal blood and the relation of
estriol levels at birth to the development of respiratory distress syndrome.
Pediatr Res. 1987;21:386-390.

Pasca AM, Penn AA. The placenta: the lost neuroendocrine organ.
Neoreviews. 2010;11:e64-e77.

Paulesu L, Romagnoli R, Bigliardi E. Materno-fetal immunotolerance:
is Interleukin-1 a fundamental mediator in placental viviparity? Dev
Comp Immunol. 2005;29:409-415.

Pawson AJ, Morgan K, Maudsley SR, Millar RP. Type II gonadotrophin-
releasing hormone (GnRH-II) in reproductive biology. Reproduction.
2003;126:271-278.

Pepe GJ, Albrecht ED. Actions of placental and fetal adrenal steroid
hormones in primate pregnancy. Endocr Rev. 1995;16:608-648.

Petraglia E Inhibin, activin and follistatin in the human placenta—a new
family of regulatory proteins. Placenta. 1997;18:3-8.

Petraglia F, Florio B, Benedetto C, et al. High levels of corticotropin-
releasing factor (CRF) are inversely correlated with low levels of maternal
CRE-binding protein in pregnant women with pregnancy-induced
hypertension. J Clin Endocrinol Metab. 1996;81:852-856.

Petraglia E, Lim AT, Vale W. Adenosine 3’,5"-monophosphate, prosta-
glandins, and epinephrine stimulate the secretion of immunoreactive
gonadotropin-releasing hormone from cultured human placental cells.
] Clin Endocrinol Metab. 1987a;65:1020-1025.

Petraglia F, Sawchenko B, Lim AT, Rivier J, Vale W. Localization, secretion,
and action of inhibin in human placenta. Science. 1987b;237:187-189.

Petraglia F, Vaughan J, Vale W. Inhibin and activin modulate the release
of gonadotropin-releasing hormone, human chorionic gonadotropin,
and progesterone from cultured human placental cells. Proc Natl Acad
Sci USA. 1989;86:5114-5117.

Pfeffer PL, Pearton DJ. Trophoblast development. Reproduction.
2012;143:231-246.

Piccinni MP. T cells in pregnancy. Chem Immunol Allergy. 2005;89:3-9.

Pidoux G, Gerbaud P, Tsatsaris V, et al. Biochemical characterization and
modulation of LH/CG-receptor during human trophoblast differentia-
tion. J Cell Physiol. 2007;212:26-35.

Pijnenborg R, Bland JM, Robertson WB, Brosens I. Uteroplacental arterial
changes related to interstitial trophoblast migration in early human
pregnancy. Placenta. 1983;4:397-413.

Pijnenborg R, Bland JM, Robertson WB, Dixon G, Brosens . The pattern
of interstitial trophoblastic invasion of the myometrium in early human
pregnancy. Placenta. 1981;2:303-316.

Pijnenborg R, Vercruysse L, Brosens I. Deep placentation. Best Pract Res
Clin Obstet Gynaecol. 2011;25:273-285.

Pijnenborg R, Vercruysse L, Hanssens M. The uterine spiral arteries in
human pregnancy: facts and controversies. Placenta. 2006;27:939-958.

Pilalis A, Souka AP, Antsaklis B, et al. Screening for pre-eclampsia and
fetal growth restriction by uterine artery Doppler and PAPP-A at
11-14 weeks gestation. Ultrasound Obster Gynecol. 2007;29:135-140.

Piotrowska-Nitsche K, Perea-Gomez A, Haraguchi S, Zernicka-Goetz
M. Four-cell stage mouse blastomeres have different developmental
properties. Development. 2005;132:479-490.

Postigo L, Heredia G, Illsley NP, et al. Where the O2 goes to: preservation
of human fetal oxygen delivery and consumption at high altitude. /
Physiol. 2009;587:693-708.

Qualls CP, Shine R. Maternal body-volume as a constraint on reproductive
output in lizards: evidence from the evolution of viviparity. Oecologia.
1995;103:73-78.

Raffin-Sanson ML, Massias JE, Ankotche A, et al. High precursor level in
maternal blood results from the alternate mode of proopiomelanocortin
processing in human placenta. Clin Endocrinol (Oxf). 1999;50:85-94.

Ragusa A, De Carolis C, Dal Lago A, et al. Progesterone supplement in
pregnancy: an immunologic therapy? Lupus. 2004;13:639-642.

Rai A, Cross JC. Development of the hemochorial maternal vascular
spaces in the placenta through endothelial and vasculogenic mimicry.
Dev Biol. 2014;387:131-141.

Rappolee DA, Brenner CA, Schultz R, Mark D, Werb Z. Developmental
expression of PDGE TGF-alpha, and TGF-beta genes in preimplantation
mouse embryos. Science. 1988;241:1823-1825.



CHAPTER 5 Development, Function, and Pathology of the Placenta [Z1¢}-V/

Rayon T, Menchero S, Nieto A, et al. Notch and Hippo converge on
Cdx2 to specify the trophectoderm lineage in the mouse blastocyst.
Dev Cell. 2014;30:410-422.

Red-Horse K, Kapidzic M, Zhou Y, Feng KT, Singh H, Fisher SJ. EPHB4
regulates chemokine-evoked trophoblast responses: a mechanism for
incorporating the human placenta into the maternal circulation.
Development. 2005;132:4097-4106.

Red-Horse K, Rivera J, Schanz A, et al. Cytotrophoblast induction of
arterial apoptosis and lymphangiogenesis in an in vivo model of human
placentation. J Clin Invest. 2006;116:2643-2652.

Red-Horse K, Zhou Y, Genbacev O, et al. Trophoblast differentiation during
embryo implantation and formation of the maternal-fetal interface.
J Clin Invest. 2004;114:744-754.

Redline RW. Severe fetal placental vascular lesions in term infants with
neurologic impairment. Am J Obstet Gynecol. 2005;192:452-457.
Redline RW. The clinical implications of placental diagnoses. Semin

Perinatol. 2015;39:2-8.

Redline RW;, Minich N, Taylor HG, Hack M. Placental lesions as predictors
of cerebral palsy and abnormal neurocognitive function at school age
in extremely low birth weight infants (<1 kg). Pediatr Dev Pathol.
2007;10:282-292.

Reis FM, Fadalti M, Florio P, Petraglia F. Putative role of placental
corticotropin-releasing factor in the mechanisms of human parturition.
J Soc Gynecol Investig. 1999;6:109-119.

Renfree MB. Review: Marsupials: placental mammals with a difference.
Placenta. 2010531 (suppl):S21-S26.

Resnik R, Killam AP, Battaglia FC, Makowski EL, Meschia G. The
stimulation of uterine blood flow by various estrogens. Endocrinology.
1974;94:1192-1196.

Riley SC, Challis JR. Corticotrophin-releasing hormone production by
the placenta and fetal membranes. Placenta. 1991;12:105-119.

Roberts RM, Fisher SJ. Trophoblast stem cells. Bio/ Reprod. 2011;84:412-421.

Romero R, Dey SK, Fisher SJ. Preterm labor: one syndrome, many causes.
Science. 2014;345:760-765.

Romero R, Nien JK, Espinoza J, et al. A longitudinal study of angiogenic
(placental growth factor) and anti-angiogenic (soluble endoglin and
soluble vascular endothelial growth factor receptor-1) factors in normal
pregnancy and patients destined to develop preeclampsia and deliver
a small for gestational age neonate. J Matern Fetal Neonatal Med.
2008;21:9-23.

Roos S, Jansson N, Palmberg I, Saljo K, Powell TL, Jansson T. Mam-
malian target of rapamycin in the human placenta regulates leucine
transport and is down-regulated in restricted fetal growth. J Physiol.
2007;582:449-459.

Rossant J, Cross JC. Placental development: lessons from mouse mutants.
Nat Rev Genet. 2001;2:538-548.

Rowe JH, Ertelt JM, Xin L, Way SS. Pregnancy imprints regulatory
memory that sustains anergy to fetal antigen. Nazure. 2012;490:102-106.

Russ AP, Wattler S, Colledge WH, et al. Eomesodermin is required for
mouse trophoblast development and mesoderm formation. Nazure.
2000;404:95-99.

Ryan K]J. Placental synthesis of steroid hormones. In: Tulchinsky D,
Ryan KJ, eds. Maternal-Fetal Endocrinology. Philadelphia: WB Saunders;
1980.

Rygaard K, Revol A, Esquivel-Escobedo D, Beck BL, Barrera-Saldana HA.
Absence of human placental lactogen and placental growth hormone
(HGH-V) during pregnancy: PCR analysis of the deletion. Hum Genert.
1998;102:87-92.

Saigal S, Doyle LW. An overview of mortality and sequelae of preterm
birth from infancy to adulthood. Lancer. 2008;371:261-269.

Saito S. Cytokine cross-talk between mother and the embryo/placenta.
J Reprod Immunol. 2001;52:15-33.

Saji F, Samejima Y, Kamiura S, Koyama M. Dynamics of immunoglobulins
at the feto-maternal interface. Rev Reprod. 1999;4:81-89.

Sallout B, Walker M. The fetal origin of adult diseases. J Obster Gynaecol.
2003;23:555-560.

Sandovici I, Hoelle K, Angiolini E, Constancia M. Placental adaptations
to the maternal-fetal environment: implications for fetal growth and
developmental programming. Reprod Biomed Online. 2012;25:68-89.

Sasaki H. Mechanisms of trophectoderm fate specification in preimplanta-
tion mouse development. Dev Growth Differ. 2010;52:263-273.
Sasaki K, Norwitz ER. Gonadotropin-releasing hormone/gonadotropin-
releasing hormone receptor signaling in the placenta. Curr Opin

Endocrinol Diabetes Obes. 2011;18:401-408.

Schneider H, Miller RK. Receptor-mediated uptake and transport of mac-
romolecules in the human placenta. /nz J Dev Biol. 2010;54:367-375.

Seeburg PH, Adelman JP. Characterization of cDNA for precursor of human
luteinizing hormone releasing hormone. Nazure. 1984;311:666-668.

Sel’kov SA, Pavlov OV, Selyutin AV. Cytokines and placental macrophages
in regulation of birth activity. Bull Exp Biol Med. 2000;129:511-515.

Selwood L, Johnson MH. Trophoblast and hypoblast in the monotreme,
marsupial and eutherian mammal: evolution and origins. Bioessays.
2006;28:128-145.

Semenza GL. HIF-1: upstream and downstream of cancer metabolism.
Curr Opin Genet Dev. 2010;20:51-56.

Sferruzzi-Perri AN, Lopez-Tello J, Fowden AL, Constancia M. Maternal
and fetal genomes interplay through phosphoinositol 3-kinase(PI3K)-
p110alpha signaling to modify placental resource allocation. Proc Natl
Acad Sci USA. 2016;113:11255-11260.

Shambaugh G 3rd, Kubek M, Wilber JE Thyrotropin-releasing
hormone activity in the human placenta. J Clin Endocrinol Metab.
1979;48:483-486.

Shaw GM, Wise PH, Mayo J, et al. Maternal prepregnancy body mass
index and risk of spontaneous preterm birth. Paediatr Perinar Epidemiol.
2014;28:302-311.

Shi CZ, Zhuang LZ. Norepinephrine regulates human chorionic gonado-
trophin production by first trimester trophoblast tissue in vitro. Placenta.
1993;14:683-693.

Shibasaki T, Odagiri E, Shizume K, Ling N. Corticotropin-releasing
factor-like activity in human placental extracts. / Clin Endocrinol
Metab. 1982;55:384-386.

Shibukawa Y, Yamazaki N, Kumasawa K, et al. Calponin 3 regulates actin
cytoskeleton rearrangement in trophoblastic cell fusion. Mol Biol Cell.
2010;21:3973-3984.

Shine R. Ecological influences on the evolution of vertebrate viviparity. In:
Wake DB, Roth G, eds. Complex Organismal Functions: Integration and
Evolution in Vertebrates. Chichester: John Wiley and Sons Ltd; 1989.

Siauve N, Chalouhi GE, Deloison B, et al. Functional imaging of the
human placenta with magnetic resonance. Am J Obstet Gynecol.
2015;213:S103-S114.

Sibley CP, Boyd RD. Control of transfer across the mature placenta. Oxf"
Rev Reprod Biol. 1988;10:382-435.

Sibley CP, Turner MA, Cetin I, et al. Placental phenotypes of intrauterine
growth. Pediatr Res. 2005;58:827-832.

Siiteri PK, Macdonald PC. Placental estrogen biosynthesis during human
pregnancy. / Clin Endocrinol Metab. 1966;26:751-761.

Siler-Khodr TM. LHRH and the placenta and fetal membranes. In: Rice
GE, Brennecke S, eds. Molecular Aspects of Placental and Fetal Membrane
Autacoids. Ann Arbor, MI: CRC Press; 1993.

Siler-Khodr TM, Forman J, Sorem KA. Dose-related effect of IGF-I on
placental prostanoid release. Prostaglandins. 1995;49:1-14.

Siler-Khodr TM, Grayson M. Action of chicken II GnRH on the human
placenta. J Clin Endocrinol Metab. 2001;86:804-810.

Siler-Khodr TM, Khodr GS, Valenzuela G, Harper MJ, Rhode J. GnRH
effects on placental hormones during gestation. III. Prostaglandin
E, prostaglandin F, and 13,14-dihydro-15-keto-prostaglandin F. Bio/
Reprod. 19862;35:312-319.

Siler-Khodr TM, Khodr GS, Valenzuela G, Rhode J. Gonadotropin-releasing
hormone effects on placental hormones during gestation: II. Proges-
terone, estrone, estradiol and estriol. Biol Reprod. 1986b;34:255-264.

Simmons DG, Fortier AL, Cross JC. Diverse subtypes and developmental
origins of trophoblast giant cells in the mouse placenta. Dev Biol.
2007;304:567-578.

Simmons DG, Natale DR, Begay V, Hughes M, Leutz A, Cross JC.
Early patterning of the chorion leads to the trilaminar trophoblast
cell structure in the placental labyrinth. Development. 2008;135:2083-
2091.

Slattery MM, Morrison J]J. Preterm delivery. Lancet. 2002;360:1489-1497.



60.e8 PART Il

Fetal Growth and Development

Smith R, Nicholson RC. Corticotrophin releasing hormone and the timing
of birth. Front Biosci. 2007;12:912-918.

Soares MJ, Chakraborty D, Renaud S]J, et al. Regulatory pathways control-
ling the endovascular invasive trophoblast cell lineage. / Reprod Dev.
2012;58:283-287.

Soares MJ, Konno T, Alam SM. The prolactin family: effectors of pregnancy-
dependent adaptations. Trends Endocrinol Metab. 2007;18:114-121.

Soncin E, Natale D, Parast MM. Signaling pathways in mouse and human
trophoblast differentiation: a comparative review. Cell Mol Life Sci.
2015;72:1291-1302.

Sood R, Kalloway S, Mast AE, Hillard CJ, Weiler H. Fetomaternal cross
talk in the placental vascular bed: control of coagulation by trophoblast
cells. Blood. 2006;107:3173-3180.

Sorem KA, Siler-Khodr TM. Placental prostanoid release in severe
intrauterine growth retardation. Placenta. 1995;16:503-515.

Sridaran R. Effects of gonadotropin-releasing hormone treatment on
ovarian steroid production during midpregnancy. Proc Soc Exp Biol
Med. 1986;182:120-126.

Srinivas SK, Edlow AG, Neff PM, Sammel MD, Andrela CM, Elovitz
MA. Rethinking IUGR in preeclampsia: dependent or independent
of maternal hypertension? J Perinatol. 2009;29:680-684.

Steele GL, Currie WD, Yuen BH, Jia XC, Perlas E, Leung PC. Acute
stimulation of human chorionic gonadotropin secretion by recombinant
human activin-A in first trimester human trophoblast. Endocrinology.
1993;133:297-303.

Stewart E Roles of mesenchymal-epithelial interactions and hepatocyte
growth factor-scatter factor (HGF-SF) in placental development. Rev
Reprod. 1996;1:144-148.

Tabansky I, Lenarcic A, Draft RW, et al. Developmental bias in cleavage-
stage mouse blastomeres. Curr Biol. 2013;23:21-31.

Taglauer ES, Wilkins-Haug L, Bianchi DW. Review: cell-free fetal DNA
in the maternal circulation as an indication of placental health and
disease. Placenta. 2014;35(suppl):S64-S68.

Tan L, Yu PH. De novo biosynthesis of enkephalins and their homologues
in the human placenta. Biochem Biophys Res Commun. 1981;98:752-760.

Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J. Promo-
tion of trophoblast stem cell proliferation by FGF4. Science.
1998;282:2072-2075.

Tessier DR, Ferraro ZM, Gruslin A. Role of leptin in pregnancy: conse-
quences of maternal obesity. Placenta. 2013;34:205-211.

Than NG, Pick E, Bellyei S, et al. Functional analyses of placental protein
13/galectin-13. Eur J Biochem. 2004;271:1065-1078.

Thaxton JE, Sharma S. Interleukin-10: a multi-faceted agent of pregnancy.
Am ] Reprod Immunol. 2010;63:4824-4891.

Thibault RE, Schultz R]. Reproductive adaptations among viviparous
fishes (Cyprinodontiformes Poeciliidae). Evolution. 1978;32:320-333.

Tsurudome M, Ito Y. Function of fusion regulatory proteins (FRPs) in
immune cells and virus-infected cells. Crit Rev Immunol. 2000;20:167-
196.

Tulchinsky D, Hobel CJ, Yeager E, Marshall JR. Plasma estrone, estradiol,
estriol, progesterone, and 17-hydroxyprogesterone in human pregnancy.
I. Normal pregnancy. Am J Obster Gynecol. 1972;112:1095-1100.

Uchara Y, Kitamura N. Hepatocyte growth factor/scatter factor and the
placenta. Placenta. 1996;17:97-101.

Uy GD, Downs KM, Gardner RL. Inhibition of trophoblast stem cell
potential in chorionic ectoderm coincides with occlusion of the
ectoplacental cavity in the mouse. Development. 2002;129:3913-3924.

Vanwijk MJ, Kublickiene K, Boer K, Vanbavel E. Vascular function in
preeclampsia. Cardiovasc Res. 2000;47:38-48.

Varla-Leftherioti M. The significance of the women’s repertoire of natural
killer cell receptors in the maintenance of pregnancy. Chem Immunol

Allergy. 2005;89:84-95.

Venkatesha S, Toporsian M, Lam C, et al. Soluble endoglin contributes
to the pathogenesis of preeclampsia. Nat Med. 2006;12:642-649.
Vulsma T, Gons MH, De Vijlder JJ. Maternal-fetal transfer of thyroxine
in congenital hypothyroidism due to a total organification defect or

thyroid agenesis. IV Engl ] Med. 1989;321:13-16.

Wang X, Campos B, Kaetzel MA, Dedman JR. Annexin V is critical in
the maintenance of murine placental integrity. Am J Obster Gynecol.
1999;180:1008-1016.

Weber S, Eckert D, Nettersheim D, et al. Critical function of AP-2 gamma/
TCFAP2C in mouse embryonic germ cell maintenance. Biol Reprod.
2010;82:214-223.

Wegmann TG, Guilbert L]. Immune signalling at the maternal-fetal interface
and trophoblast differentiation. Dev Comp Immunol. 1992;16:425-430.

Weier JE Weier HU, Jung CJ, et al. Human cytotrophoblasts acquire
aneuploidies as they differentiate to an invasive phenotype. Dev Biol.
2005;279:420-432.

Werling U, Schorle H. Transcription factor gene AP-2 gamma essential
for early murine development. Mol Cell Biol. 2002;22:3149-3156.

Wildman DE, Chen C, Erez O, Grossman LI, Goodman M, Romero
R. Evolution of the mammalian placenta revealed by phylogenetic
analysis. Proc Natl Acad Sci USA. 2006;103:3203-3208.

Wintermark P, Boyd T, Gregas MC, Labrecque M, Hansen A. Placental
pathology in asphyxiated newborns meeting the criteria for therapeutic
hypothermia. Am J Obster Gynecol. 2010;203:579.€1-579.¢9.

Wong HS, Cheung YK, Tait J. Sonographic study of the decidua basalis
in the first trimester of pregnancy. Ultrasound Obstet Gynecol. 2009;33:
634-637.

Wourms JP. The challenges of piscine viviparity. fs / Zool. 1994;40:551-568.

Wourms JP, Lombardi J. Reflections on the evolution of piscine viviparity.
Am Zool. 1992;32:276-293.

Yamamoto H, Flannery ML, Kupriyanov S, et al. Defective trophoblast func-
tion in mice with a targeted mutation of Ets2. Genes Dev. 1998;12:1315-
1326.

Ylikorkala O, Jouppila P, Kirkinen B, Viinikka L. Maternal prostacyclin,
thromboxane, and placental blood flow. Am J Obster Gynecol. 1983;145:
730-732.

Yoshie M, Kashima H, Bessho T, Takeichi M, Isaka K, Tamura K. Expression
of stathmin, a microtubule regulatory protein, is associated with the
migration and differentiation of cultured early trophoblasts. Hum
Reprod. 2008;23:2766-2774.

Zamudio S, Wu Y, Ietta E et al. Human placental hypoxia-inducible
factor-lalpha expression correlates with clinical outcomes in chronic
hypoxia in vivo. Am ] Pathol. 2007;170:2171-2179.

Zdravkovic T, Nazor KL, Larocque N, et al. Human stem cells from
single blastomeres reveal pathways of embryonic or trophoblast fate
specification. Development. 2015;142:4010-4025.

Zeldovich VB, Clausen CH, Bradford E, et al. Placental syncytium
forms a biophysical barrier against pathogen invasion. PLoS Pathog.
2013;9:e1003821.

Zhou Y, Bellingard V, Feng KT, McMaster M, Fisher SJ. Human
cytotrophoblasts promote endothelial survival and vascular remodeling
through secretion of Ang2, PIGE and VEGEF-C. Dev Biol. 20032;263:
114-125.

Zhou'Y, Genbacev O, Fisher SJ. The human placenta remodels the uterus
by using a combination of molecules that govern vasculogenesis or
leukocyte extravasation. Ann N'Y Acad Sci. 2003b;995:73-83.

Zhou Y, Yuge A, Rajah AM, Unek G, Rinaudo PE, Maltepe E. LIMKI
regulates human trophoblast invasion/differentiation and is down-
regulated in preeclampsia. Am J Pathol. 2014;184:3321-3331.



	II Fetal Growth and Development
	5 Development, Function, and Pathology of the Placenta
	Placental Origin
	Development of the Placenta
	Trophoblast Lineage Allocation
	Trophoblast Differentiation
	Trophoblast Invasion

	Placental Functions
	Transport
	Metabolism
	Endocrine Function
	Steroid Hormones
	Progesterone
	Estrogens
	Glucocorticoids

	Pituitary-Like Hormones
	Human Chorionic Gonadotropin
	Human Chorionic Somatomammotropin
	Placental Growth Hormone Variant
	Insulin-Like Growth Factors
	Other Secreted Growth Factors
	Inhibin and Activin
	Proopiomelanocortin Hormones

	Hypothalamic-Like Hormones
	Gonadotropin-Releasing Hormone
	Corticotrophin-Releasing Hormone and Urocortins
	Thyrotropin-Releasing Hormone
	Growth Hormone-Releasing Hormone, Somatostatin, and Ghrelin
	Leptin
	Oxytocin

	Additional Placental Secreted Factors
	Vasoactive Peptides
	Endogenous Opioid Peptides
	Cytokines
	Eicosanoids

	Immunologic Function

	Fetal Programming
	Regulation of Placental Function
	Nutrient-Sensing Signaling Pathways
	Epigenetic Regulation in the Placenta

	Placental Diseases
	Placental Disorders of Pregnancy
	Preeclampsia
	Intrauterine Growth Restriction
	Preterm Birth
	Gestational Diabetes
	Central Nervous System Injury

	Evaluation of Placental Dysfunction
	Placental Histopathology
	Placental Imaging
	Serum Biomarkers of Placental Disease
	Serum Analytes
	Circulating Cell-Free Fetal DNA
	Extracellular Vesicles



	Summary
	Suggested Readings
	References





