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In Memoriam

William Richard (Twink) Allen, CBE, FRCVS, ScD
29 August 1940-6 June 2021

Over the past 50 years, Twink Allen, as he was universally known, was
arguably the most influential individual worldwide in the field of
equine reproduction, a status achieved through a combination of
original, first-class scientific investigations and practical application
of the results of his own research efforts and those of others. Those
practical advances have so greatly improved the efficiency of horse
breeding that reproductive problems are no longer at the top of the list
of challenges in the equine industry. Twink’s contributions to this
volume on placentation in the horse and elephant bookend the final
chapter of a remarkable career. It is fitting that this book reflects also
on the life and work of E. C. Amoroso, who was a friend and mentor to
Twink in his early years in Cambridge.

An Antipodean by birth, Twink was raised in New Zealand and
completed his veterinary training at Sydney University in Australia.
The dark cloud of a serious automobile accident during his first year
of veterinary practice in New Zealand had a silver lining. A full year in
hospital led Twink to explore postgraduate study and resulted in a
scholarship to undertake a PhD in England under the mentorship of
Roger Short, FRS. As part of his PhD thesis research at the University
of Cambridge, Twink developed an assay for equine Chorionic
Gonadotrophin (eCG) that became the international standard for
many years (Allen 1969b). He used this assay to ascertain the levels of



eCG in the blood of horse mares and donkey jennies carrying intra-
and interspecies conceptuses (horse, donkey, mule, and hinny). This
work was published as a single author paper in Nature (Allen
1969a)—quite extraordinary for a young PhD candidate, even at
Cambridge! The data were amazing—they showed a pattern of
hormone levels in the four types of pregnancy that can best be
explained by the theory of genomic imprinting, a phenomenon that
was not elucidated for more than two decades after this publication.
This is an example of how Twink Allen’s work was often ahead of its
time, too often for it to be by chance alone. Rather, it reflects Twink’s
insight, drive, and even his impatience with the deliberate pace of
scientific investigation. Twink always worked with a sense of urgency
that propelled his career and those of his students and colleagues.
Following completion of his PhD, Twink remained in England with his
rapidly growing family. He was soon named the inaugural Director of
the British Thoroughbred Breeders’ Association Equine Fertility Unit,
located initially on the grounds of the British government’s Animal
Research Station on the outskirts of Cambridge. In this outstanding
scientific environment, Twink attracted a bevy of veterinary surgeons
and scientists to his research group, and they took full advantage of
the expertise in reproductive biology around them.

In the first years of his appointment, Twink made the seminal
discovery that the equine endometrial cups, which are the sole source
of eCG, are of fetal, and not maternal, origin, as had been thought for
the previous half-century (Allen et al. 1973). The endometrial cup
trophoblast cells originate from the differentiation of the invasive
trophoblast cells of the chorionic girdle. Twink championed the idea
that the maternal lymphocyte response to the endometrial cups
represents a form of cellular immunity directed against paternally
inherited antigens expressed by the trophoblast cells of the cups.
Twink pioneered techniques of surgical and nonsurgical embryo
transfer in equids (Allen and Rowson 1975) and used them to
investigate maternal anti-fetal immune responses in interspecies (i.e.,
mule and hinny) and extraspecies (e.g., donkey-in-horse) pregnancies,
studies which rank among the most imaginative experiments in
pregnancy immunology undertaken in any species. This research
extended the bounds of maternal immunological tolerance of the fetus



and at the same time enabled the use of embryo transfer to propagate
endangered species (Allen and Short 1997).

Twink’s expertise in embryo transfer allowed him to achieve several
“firsts,” including the first equine identical twins produced by embryo
splitting and the first successful birth of a horse following
international transport of a frozen-thawed embryo. Twink also
popularized the commercial use of equine embryo transfer, and it is
now in widespread use globally in the horse industry, increasingly in
combination with somatic cell nuclear transfer to produce identical
clones of elite performance horses.

In the 1970s Twink developed simple, robust protocols for the use of
prostaglandins to manipulate the estrus cycle of mares (Allen and
Rossdale 1973). This increased the overall fertility rate of mares at
commercial stud farms by allowing more matings in fertile estrus
cycles in a single breeding season. Prostaglandins are now in daily
use by equine reproductive specialists across the globe.

In the early 1980s Twink adapted early-design ultrasound instruments
from human medicine for use in horses (Simpson et al. 1982). His
promotion and improvement of this important technology
revolutionized equine breeding management by allowing visualization
of the reproductive tract, and in particular the developing follicles of
the ovary and very early horse embryos (day 10-14). Thus,
determination of ovulation, pregnancy diagnosis, and detection of
twin pregnancies (a very bad outcome in horse breeding) have become
routine and relatively simple.

In the 1990s, Twink designed an outstanding new research facility in
Newmarket that supported his Equine Fertility Unit and allowed
expansion into new areas, including fetal programming and stem cell
biology. In conjunction with this move, Twink was appointed as the
Jim Joel Professor of Equine Reproduction in the Cambridge
University Veterinary School.

Twink also made enormous contributions as an organizer of scientific
meetings and editor of proceedings from those conferences and
workshops. Two examples in particular stand out: the International
Symposia on Equine Reproduction, which have been held every

4 years following the inaugural meeting in Cambridge in the early
1970s, and the Equine Embryo Transfer Workshops convened by the
Havemeyer Foundation since the mid-1980s. Twink was the key



individual responsible for the success of these two series, which bring
together veterinary scientists and clinicians, and which foster rapid
adoption of scientific advances into practice.
Twink was a spell-binding lecturer and communicator of science who
brought alive the excitement of biology and its application to problems
in the real world. This role brought its share of tensions and
controversies, and Twink never shied away from them. He was often
caught between the natural conservatism of Thoroughbred racehorse
breeders and his own quest for advancing reproductive efficiency
through the application of assisted reproductive technologies in the
horse.
Twink’s interests spanned the entire range of reproductive biology in
the horse, and this short memorial touches on only a few of the early
highlights. Twink’s fascination with the placenta and his great love for
Africa and its wildlife led him to comparative studies of placentation
in elephant, giraffe, zebra, wildebeest, impala, and hedgehog. Twink
was also the driving force for the establishment of the Camel
Reproduction Centre in Dubai. And it was in the desert of the United
Arab Emirates where Twink spent his final years, directing research at
the Equine Reproduction Centre of the Sharjah Equine Hospital.
Prof. W. R. Allen’s research achievements over a 50-year career place
him in the highest tier of investigators in veterinary science. Twink
was a pioneer of heroic, insightful experiments. His generosity in
sharing ideas and expertise earned him countless friends across the
globe in a life fully lived.

Douglas F. Antczak and Sandra Wilsher
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Mammalian Placentation: A Tribute to E.C. m)
Amoroso’s Contributions to Placenta Creck o
Development

Rodney D. Geisert and Thomas E. Spencer

Abstract Establishment of viviparity in mammals evolved through not only the
long-term retainment of the fetus within the maternal uterus but differentiation and
expansion of cell layers to form functional membranes to exchange O,/CO, and
nutrients between the placenta and maternal circulations. Development of a fetal
placental vascular circulation to interact with the maternal uterus is critical to the
survival of all species. However, the fascination with the mammalian placenta is the
robust variation in types, form, attachment, invasiveness, structure, cell differentia-
tion, endocrine function, and regulation of the maternal immune system. Despite the
obvious role of the placenta to support fetal development, mammals have evolved
multiple strategies to give live birth at term. The placenta and the maternal—fetal
interface during pregnancy can be quite simple to very complex. Professor
E.C. Amoroso contributed greatly to the study of comparative placentation in
animals. His paper ‘“Placentation” in Marshall’s Physiology of Reproduction
published in 1952 remains the standard for comparative placental anatomy today.
The present volume on “Mammalian Placentation” brings together current reviews
for leading experts to diversity of placentation in a number of mammalian species.
Chapters will discuss viviparity, blastocyst formation, and placentation in the cow,
pig, horse, mouse, dog, primate, human, elephant, and marsupials.

Keywords Implantation - Placentation - Mammal - Viviparity

The development of viviparity in mammals as well as some invertebrate species
required the adaptation of the placenta to serve as a functional conduit for interplay
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between the semi-allograftic fetus with the maternal uterus. Although primarily
recognized for his work on pulmonary circulation in the sixteenth century, the Italian
anatomist and surgeon, Realdo Columbo utilized the Latin word for cake “placenta
uterina” (Greek plakoenta) which means flat or plate to describe the large round
vascular structure he observed attached to the uterus during pregnancy of women.
Although the “placenta” protects the fetus from maternal immune rejection and
provides oxygen and nutrient flow to support a fetus to term across all the species;
structural differentiation of this fetal-maternal interface is very varied among
species.

In the absence of an adequate supply of yolk to support embryo development in
oviparous and ovoviviparous species, mammalian viviparity evolved through the
differentiation of extraembryonic cells which contribute to placental formation.
Initiation of placental development occurs before hatching from the zona pellucida
when the outermost cells of a morula form tight junctions to establish cellular
polarity. Compaction of the morula establishes outer and inner cells which positions
the Na™/K* ATPase system to move fluid into the extracellular space of the compact
morula to forming a blastocyst (Fig. la). Cellular positioning within a morula
induces differential transcriptional activity of the Hippo and Ras signaling pathways
to dictate formation of the inner cell mass (ICM) and trophoblast of the preimplan-
tation embryo (Senner and Hemberger 2010; Cockburn and Rossant 2010; Artus and
Chazaud 2014). Blastocyst development is somewhat conserved across viviparous
mammals and is the direct prelude to formation of the placenta. However, depending
upon the species, blastocyst hatching from its zona pellucida can either lead to
attachment and invasion through the surface epithelium to implant within the
endometrium (examples: rodents, primates, humans) or continued growth (Fig. 1b)
and expansion (Fig. 1c) throughout the uterine lumen (examples: ruminants, pig,
horse) where trophoblast (Greek trephein meaning to feed; and blastos meaning
germinato) comes into direct contact with endometrial epithelium and secretions to
support development to term. Continued cellular differentiation and expansion of the
ICM (epiblast) provides the extraembryonic mesoderm and endoderm (hypoblast)
layers, from its posterior region (Perry 1981), that combine with the trophectoderm
to contribute to formation of the classical placenta membranes (Fig. 1d). Mammalian
viviparity requires not only the development of the placenta but also the retention of
the embryo within the uterus for an extended period before birth, maintenance of
pregnancy via progesterone production by the maternal corpus luteum and later the
placenta, secretions from the uterus including endometrial glands, O,, and nutrient
exchange between the maternal and placental vasculatures, and modification of the
maternal immune system at the placental/uterine interface.

Placentation of mammals can be classified by gross morphology (placental shape)
and the number of cellular layers (cellular microstructure) that separate the placenta
and uterine vasculature (Grosser 1909; Mossman 1937). Although placental devel-
opment undergoes gross morphological changes from early to late gestation, the
mammalian placenta is classified into four basic groups: Diffuse (pig, horse),
Cotyledonary (ruminants), Zonary (dog, cat, elephant), and Discoid (mouse, rat,
rabbit, primate, and human). However, the amount of placental erosion or cellular
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Fig.1 Transitions in embryo development for formation of the mammalian placenta. (a) Day 7 pig
blastocyst enclosed in the zona pellucida. (b) Day 10 spherical (5 mm) pig conceptus. (¢) Rapidly
elongating trophoblast of a day 12 pig conceptus expanding within the uterine horn. (d) Diffuse pig
placenta (day 35) containing embryo enclosed in the amnion and the fluid filled chorioallantois. (e)
Pregnant day 18 rat uterus displaying invasive placentation. (f) Day 18 rat discoid placentae
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Fig. 2 Emmanuel Ciprian
Amoroso. (Photograph
obtained from RV Short’s
tribute to EC Amoroso
published in Biographical
Memoirs of Fellows of the
Royal Society (Short 1985))

layer displacement of the maternal endometrium provides a more accurate descrip-
tion of placentation as provided by the impressive illustrations made by EC Amoroso
(1952). The pig (Diffuse) has an epitheliochorial type of placentation where the
expanded chorion only attaches to the surface epithelium of the endometrium but
does not erode or invade into the uterus. Although ruminants (Cotyledonary) initially
have epitheliochorial type of attachment to the uterine surface epithelium, binucleate
cells migrate from the chorion and fuse with the endometrial surface epithelium to
form a syncytium which is classified as syndesmochorial. Species such as the dog
and cat (Zonary) have an endotheliochorial type of placenta that invades into the
endometrium eroding all maternal layers but the endothelium of the maternal
capillaries is not breached. The hemochorial placentation in the mouse, rat
(Fig. le, f), primate and human represents the most invasive type of placentation
where the placenta blood vessels are directly bathed by maternal blood.

E.C. Amoroso, known as Amo by his friends and colleagues, (Fig. 2) contributed
so much to our early understanding and knowledge of placentation across a great
variety of species. He was born in the Port of Spain, Republic of Trinidad, where his
eye sight was affected by exposure to typhoid fever at a young age which makes his
work in placenta histology and illustrations even more remarkable. Amoroso spoke
seven languages and was renowned for his elegant, captivating, and acclaimed
lectures around the world. Although his work was not solely focused on placental
development, he studied and published manuscripts investigating over 28 species.
Professor Amoroso’s classic, seminal chapter “Placentation” published in the 3rd
edition of Marshall’s Physiology of Reproduction in 1952 followed the work of
many German anatomists (O. Grosser, O. Krolling and H. Strahl) and others
(R. Assheton, H.W. Mossman, and A. Robertson) who pioneered understanding
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comparative placentation in mammals. His 184-page chapter (Amoroso 1952) is a
masterpiece of intellectual information on comparative placentation. The chapter
contains 88 figures, ~124 hand-drawn illustrations, and histological sections with
over 434 references. Professor Amoroso’s chapter covered adaptations in viviparity
and ovoviviparity of fish, amphibians, and reptiles but mainly focused on compar-
ative mammalian placenta including marsupials. The following quote taken from
Professor Amoroso’s chapter provides his keen interest in the placenta.

The mammalian ovum, in all except the Monotremata, is small and does not contain a
sufficient supply of nutriment for the developing embryo. It is retained for a longer or shorter
period in the uterus, where, by special modifications of the uterine mucosa and a part of the
ovum, a placenta is formed, and a transmission of nutriment from the mother to the embryo
is made possible. Accordingly, the normal mammalian placenta may be defined “as an
apposition, or fusion, of the foetal membranes to the uterine mucosa for physiological
exchange” (Mossman 1937). The changes in the maternal and embryonic tissues vary greatly
in the several orders, and even in the groups of the same order, but in all they are sufficiently
complicated to render their explanation a matter of great difficulty. It is doubtful in any
anatomical structure has given rise to keener or more prolonged controversies than the
placenta (Amoroso 1952).

Professor Amoroso contributed greatly to our understanding of placentation in the
pig, horse, cat, dog, rabbit, mouse, rat, guinea pig, primates, and human and
contributed to early work in elephant placentation. Prior to his passing in 1982,
Professor Amoroso made the following quote to his colleagues:

Consider the past for what is relevant to the present; consider the present what is relevant to
the formation of the future; consider the future for what may most enlarge man’s freedom
and fulfilment (Weaver 1982).

Several review papers concerning the mammalian placenta have been published
since Professor Amoroso’s extensive chapter (Perry 1981; Roberts et al. 2016). The
following chapters on viviparity, blastocyst formation, and placentation in the cow,
pig, horse, mouse, dog, primate, human, elephant, and marsupials attempt to build on
the past, understand the present, and continue to progress towards bettering repro-
duction of animals and mankind honor the enormous contributions made by Profes-
sor Amoroso.
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The Evolution of Viviparity in Vertebrates m)

Check for
updates

Wesley C. Warren and Frank Grutzner

Abstract In the vertebrate tree of life, viviparity or live birth has independently
evolved many times, resulting in a rich diversity of reproductive strategies. Vivipar-
ity is believed to be a mode of reproduction that evolved from the ancestral condition
of oviparity or egg laying, where most of the fetal development occurs outside the
body. Today, there is not a simple model of parity transition to explain this species-
specific divergence in modes of reproduction. Most evidence points to a gradual
series of evolutionary adaptations that account for this phenomenon of reproduction,
elegantly displayed by various viviparous squamates that exhibit placentae formed
by the appositions of maternal and embryonic tissues, which share significant
homology with the tissues that form the placenta in therian mammals. In an era
where the genomes of many vertebrate species are becoming available, studies are
now exploring the molecular basis of this transition from oviparity to viviparity, and
in some rare instances its possible reversibility, such as the Australian three-toed
skink (Saiphos equalis). In contrast to the parity diversity in squamates, mammals
are viviparous with the notable exception of the egg-laying monotremes. Advancing
computational tools coupled with increasing genome availability across species that
utilize different reproductive strategies promise to reveal the molecular underpin-
nings of the ancestral transition of oviparity to viviparity. As a result, the dramatic
changes in reproductive physiology and anatomy that accompany these parity
changes can be reinterpreted. This chapter will briefly explore the vertebrate
modes of reproduction using a phylogenetic framework and where possible highlight
the role of potential candidate genes that may help explain the polygenic origins of
live birth.
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Keywords Viviparity - Oviparity - Parity evolution

1 Introduction

Charles Darwin’s theory of evolution describes a process of natural selection by
which allows species to adapt to their environment enhancing reproductive success
and survival. In vertebrates, reproductive strategies can be uniform in some lineages
and remarkably diverse and flexible in others. Fortunately evolution has left a
tantalizing series of clues as to how ancestral physiological, morphological, bio-
chemical, and molecular networks were coopted that led to the species-specific
forms of reproductive parity. Firstly, before investigating these hints of nature,
simply reproduction can be sexual or asexual, the later a rarity in vertebrates.
Decades of literature debate asexual origins, meiotic drivers, and disadvantages to
that of sexual reproduction (Fu et al. 2019; Zanders and Unckless 2019) and both
modes of reproduction can be associated with viviparity or oviparity. However, the
focus of this brief chapter will be the nourishing of a growing fetus by either a
viviparous or oviparous system that has left a fascinating legacy of how evolution
reshaped the genetic blueprints of life “genomes” toward a preferential mode of
parity, oviparity versus viviparity, in particular when altered gene signatures suggest
an association with placental development and function.

Viviparity, in which eggs are fertilized and embryos develop inside the maternal
reproductive tract or body cavity, as opposed to oviparity, in which females deposit
fertilized eggs that develop outside of the parent, can differ in even closely related
species. The most frequent examples in nature are squamates. A vast literature
strongly suggests that viviparous phenotypes, such as sophisticated and diverse
placental structures, have evolved convergently from oviparity many times in nature
(Blackburn 1999, 2015). Although, evidence in squamates suggests more malleable
modes of parity (Blackburn 2015), viviparity is predominant and nearly exclusive in
mammals where placental biology has been most studied (Fig. 1). Still, there is no
definitive answer as to why viviparity is almost exclusive in certain vertebrate
clades, mammals, while it is overwhelmingly oviparity in others, for example,
birds, amphibians, and fishes.

A number of theories have been offered to explain the evolution of this phylo-
genetic distribution of parity. A species range of mobility and territory span, e.g.,
limited range mammals and the far spanning habitat of birds, is one such contribut-
ing factor that has possibly led to separate clades of parity. However, at least some
species in nearly all bird families stay in the same place all year, thus avoiding the
rigors of migration. The great horned owl is one such example. Moreover, before
human habitat disruption occurred, many mammal species migrated and even today
some still do in the continent of Africa. A species mobility does allow the placement
of the offspring in the best sites for growth, such as the migration of wild ungulates
to rich sources of vegetation phenology. But in viviparity, the developing embryos
are protected internally and physiologically maintained with mobility and nutritional
costs to the mother. Migratory movements of terrestrial mammals are a phenomenon
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Fig. 1 Evolution of the species-specific reproductive strategies of viviparity and oviparity. A
timescale of splits in species clade diversification is estimated. Counts of species practicing
viviparity (blue) or oviparity (orange) are plotted by their major lineage branches

critical to their persistence, wherein some ungulate species prior to domestication,
seasonally migrated to enhance lifetime reproductive fitness. Some hypotheses
suggest this movement dependence on fluctuations in food supply propels as yet
an unknown rapid, non-genomic adaptive mechanism that better fits offspring
environment (nutritional), thus giving them a reproductive advantage (Sharpe 2018).

A number of preferential and detrimental attributes are associated with oviparity
as well. Multiple offspring offset the higher mortality accompanying the external
exposure of eggs to predators and their exposure to changing environment (weather,
temperature). Higher offspring numbers also serves in increasing germline recom-
bination events, one key process of a species genetic adaptation to the changing
environment. Consequently, some genomic regions of reproductive mode relevance
are likely subject to intense natural selection or alternatively have evolved sequence
structures, such as CG dinucleotide expansions, that allow more fluid gene regula-
tory modifications. One can summarize these observed “reproductive strategies,” as
having advantages as well as disadvantages that affect their species-specific evolu-
tion (Table 1).

Genome-wide studies have sought sequence structures, mostly genes and their
pathways, that display shared features, across species that evolved viviparity or
oviparity. As organisms naturally experiment with these new sequence variants,
new species emerge and continue to evolve. In the 1850s, when Darwin described
this engine of natural selection, the underlying molecular mechanisms were
unknown. But over the past century, advances in genetics and molecular biology
have outlined a modern, neo-Darwinian theory of how evolution works: DNA
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Table 1 Evolutionary advantages and disadvantages of reproductive modes among vertebrates

Oviparity Viviparity

* Multiple offspring to offset higher observed | Developing embryos protected internally

environmental and predator mortality causes but with mobility and nutritional costs to the
mother

* Shared care of offspring * Full maternal commitment to developing
offspring even with lower birth rates

» Parents encumbered with protecting eggs * Higher likelihood of offspring placement in

from predators and other environmental optimal sites for growth

sources of mortality

* Multiple offspring offer a larger gene pool |+ Live birth is associated with exposure to
for adaptive change predators and birth complications

sequences randomly mutate, and organisms with the specific sequences best adapted
to the environment will multiply and prevail or disappear. In an era of many
vertebrate genomes being available, each with unique reproductive strategies,
newly developed computational methods, such as the use of pangenome variant
graphs (Hickey et al. 2020), may uncover the complex structural changes that
occurred along the oviparity to viviparity trajectory. Not unexpectedly gene expres-
sion changes play a role in likely differentiating parity modes (Foster et al. 2020;
Gao et al. 2019). Some have been closely associated with viviparity prominently
genomic imprinting in mammals (Kaneko-Ishino and Ishino 2019). When within
species, occurrence of both oviparous and viviparous reproductive strategies natu-
rally exist, such as the lizard species of Saiphos equalis (Smith and Shine 1997), and
the resolution of genetic change is even more pronounced. Even seasonal shifts
along a oviparity-viviparity continuum in some lizard populations suggest a novel
advantage to viviparity under these unique conditions (Shine et al. 2018).
Viviparity has its independent origins across a broad span of the vertebrate
phylogenetic tree, including bony and cartilaginous fishes, amphibians, mammals,
and squamate reptiles (Fig. 1). Hundreds of studies have documented the anatomical
and physiological features of viviparity and oviparity and debated their origins. Is
oviparity ancestral, what are the molecular mechanisms responsible for the evolution
of viviparity, and are these molecular mechanisms the same for separate origins of
viviparity? Thus far, very few studies have asked the question what are the funda-
mental molecular networks that species have used to evolve to a viviparity state, and
possibly reverse itself within certain clades (Gao et al. 2019). New comparative
studies at species, genus, and family levels are needed if we are to find the essential
genetic components related to the extraordinary reproductive strategy of viviparity.
Such transitions of oviparous to viviparous modes of reproduction require many
adaptations including reduction in eggshell construction, delayed oviposition,
altered maternal immune system responses, not to mention the placenta development
of intricate blood supply for fetal nutrition and gas exchange. These questions are
best considered using examples of specific transitions among closely-related
squamates, fishes, amphibians, and mammals. Each of these life-bearing strategies
have been studied from the standpoints of morphology, physiology, endocrinology,
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ecology, and evolution. In this brief exploration of viviparous origins prior to the
terrestrial life of vertebrates, we appropriately look back over 400 million years ago
and start with the fishes.

2 Fishes

Among the estimated 32,672 species of fishes (Froese and Pauly 2018), viviparity is
a rarity, with approximately 510 classified as viviparous (Parenti and Grier 2004). In
addition, some species display an intermediate ovoviviparous mode of reproduction
where nutrient supply is deposited before fertilization (lecithotropy) (Macfarlane and
Bowers 1995) which allows contrasts to matrotrophic species which have extensive
maternal nourishment. In fishes, viviparity is clearly a specialized phenotype, again
likely an oviparity derived mode of reproduction. In some viviparous fishes, novel
embryo provisioning processes have been observed when compared to the nutrient
partitioning in eutherian mammals by blood plasma passing to the fetus via the
placenta and umbilical cord (Bell and Ehrhardt 2002). The most studied is the
process of vitellogenesis, a provisioning of vitellogenin (v¢g) proteins during embry-
onic development. These yolk protein nutrients are lost in eutherian mammals. Some
viviparous fish species have maintained the vfg proteins that provision the yolk
protein in oviparous species, and a large amount of yolk nutrient is contained in their
eggs (Sawaguchi et al. 2005; Vega-Lopez et al. 2007). The bony fishes of the teleost
family Goodeidae are viviparous, but unlike most all other viviparous species have
not lost the vfg proteins. In one member of Goodeidae, Xenotoca eiseni, the vtg
proteins are suggested to be a contributing matrotrophic factor supplied to the
intraovarian embryo, a nourishing mechanism lost in a majority of viviparous
vertebrates. For all other viviparous fishes, the vzg genes have been lost through a
coevolution mechanism with casein genes (Brawand et al. 2008).

The Poecilid fishes, guppies and mollies, offer an altogether different dichotomy,
of placental evolution a clade of entirely live-bearing species. As a result, a theory of
genomic conflict has been deliberated, that is the viviparity-driven conflict hypoth-
esis where the variation in placentation among Poecilia is proposed to effect rates of
male sexual selection and drive greater speciation (Furness et al. 2019). Pollux et al.
(2014), empirically tested if the evolution of the placenta was driving sexual
selection in live-bearing fish and concluded that there are no male sexual traits that
effect the evolution of the placenta (Pollux et al. 2014); instead a more complex
interaction between female reproductive mode, male sexual selection, and the rate of
speciation is a better working model (Furness et al. 2019). With high-quality genome
assemblies now available for members of the viviparous Poecilid genus, advancing
computational methods can delineate gene expansion and contraction more accu-
rately as well as lineage-specific changes among putative regulatory sequences to
differentiate this evolved state of viviparity.
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More recently, genomic and transcriptomic analysis revealed remarkable analo-
gies in the evolution of live-bearing rockfish (Sebastes schlegelii) (He et al. 2019). In
these fish, sperm storage precedes a fertilization lengthy development of the embryo
in the ovary and the ovarian wall has a presumed role similar to the mammalian
uterus. Remarkably during implantation and development in the ovary, an
upregulation of a number of genes involved in placentation, cell adhesion, invasion,
and blood vessel function as well as oxygen and nutrient transfer occurs. This
revealed that zona pellucida proteins function to retain sperm while
metalloproteinases, such as high choriolysin enzyme (hcel-like) that is also
described as hatchling enzyme, may play a role in releasing the embryo from the
chorion at pre-hatching. In this first genome-wide study of an unusual viviparous
teleost, sperm storage and development of the fry in the ovary suggests a selective
advantage over egg-laying due to unpredictable and seasonal changes in nutrient
supply. Only continued research of other rare viviparous fishes will further improve
our comprehension of live-birth rationale.

3 Amphibians

A viviparous mode of reproduction has evolved independently in all three orders of
amphibians—salamanders, frogs, and caecilians. Of the approximately 8000
amphibian species, a vast majority of them are egg layers. The few instances of
viviparity are mostly confined to several species of caecilians, although a few frogs
and the fire salamander enjoy this distinction. The study of the first “live-bearing”
Asian amphibian, Gegeneophis seshachari, emphasizes the need to probe deeper
into their phylogenetic reproductive strategies since it is the only known caecilian
genus to have both oviparous and viviparous species (Gower et al. 2008). Anurans
feature an extraordinary variety of reproductive modes and parental care for off-
spring, for example, gastric brooding (Haddad and Prado 2005). As in other verte-
brates, the modes of reproduction are developing eggs retained in the oviducts,
oviparity, and viviparity that include oviductal retention of developing embryos
with the young born as tadpoles (Iskandar et al. 2014), metamorphosed juveniles,
or froglets (Wells 2008). Then again out of the ordinary reproductive approaches in
amphibians are observed in intraoviductal cannibalism and retention of externally
fertilized ova in the skin of the mother’s back. Other stark parity twists are also
observed in amphibians. The diversity of amphibian oviduct structure and function is
a furtherance of this reproduction epitome (Wake and Dickie 1998). Oviduct mor-
phology is regionally differentiated to secrete varying products that encompass the
egg that across all three orders offer species-specific avenues of investigation into
ancestral transitions of oviparity to varying forms of viviparity. Our understanding of
the developmental and functional bases for fetal adaptations in amphibians is
undeveloped (Wake 2015) as very few studies have attempted to identify genes
and pathways involved in parity transition in amphibia. Jantra et al. (2007) analyzed



The Evolution of Viviparity in Vertebrates 13

immune gene expression patterns in amphibia with different parity modes and found
differential expression possibly linked with viviparity as one example.

4 Reptiles

Squamata reptiles include snakes and lizards, representing over 10,700 extant
species (www.reptile-database.org) with vastly differing modes of reproduction.
The exclusive use of oviparity in some reptile branches exclude any insight about
molecular origins of viviparity. In birds as descendants of the dinosaur, oviparity is
the only reproductive strategy but with remarkable post egg-laying oddities, such as
brood parasitism behavior in some lineages (Feeney and Riehl 2019). Interestingly, a
live-bearing species of Archosauromorpha reptile that is today represented by birds
and crocodilians suggests an estimated transition to live birth occurred some 50 mil-
lion years earlier in this clade (Liu et al. 2017). Still, within squamate reptiles,
oviparity has transitioned to viviparity over 100 times (Blackburn 2015) that is
astounding against a total of ~140 origins across all vertebrates (Blackburn 2000).
This makes squamates a prime lineage to investigate the evolution of viviparity from
oviparity that is generally thought to originate with lengthened periods of egg
retention. This derived nature of viviparity is considered irreversible but theoretical
models of its evolution, particularly among squamates, are not always steadfast
(Pyron and Burbrink 2015). The reasoning for so-called “switchbacks” among
squamates contribute to this debate (Blackburn 2015). Simulations of phylogenetic
origins for viviparity are complicated to broadly interpret due to at least ten species
that practice reproductive bimodality and imply parity mode is a malleable trait
(Pyron and Burbrink 2014). However, there are unifying trait features such as
eggshells that significantly share species-wide structure and their oviduct glands
that synthesize egg fibers, thus providing strong predictive evidence that oviparity is
ancestral. Even so, current squamate genomic studies are just now endeavoring to
grasp the beginnings of viviparity.

Some closely related lizards within the genus Phrynocephalus are oviparous and
viviparous. With an estimated divergence time of 13 million years for this
monophylogentic clade of viviparous, lizard species compared to their oviparous
relatives’ gene expression differences in the maternal oviduct throughout develop-
ment of the eggs and embryos were explored (Gao et al. 2019). As a result, numerous
stage-specific gene regulatory differences were found in both species. A stasis in
viviparous gene expression through birth was suggested to encourage prolonged
uterine gene expression as opposed to rapid shifts seen in oviparous species. Only
3 of 148 oviparous differentially expressed genes that were shared in the viviparous
lizard showing these genes are downregulated in viviparous lizards. Importantly,
changes in the underlying gene sequences, a possible result of natural selection, were
not found thus suggesting gene expression is the major factor associated with parity
differences in these lizard species. Very few candidate genes have been proposed to
be associated with placenta development and stability, some include Hf58 (Paulesu
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et al. 2001), various proteases (Cornetti 2018), estrogen receptor (Gao et al. 2019),
and a variety of its effected genes (Eyster 2016) and the cadherins role in attachment
maintenance (Wu et al. 2011). Of these candidates, estrogen’s role in modulating
viviparity is the most widely studied (Huet-Hudson et al. 1990; Fujimoto et al.
2005). A recent transcriptome analysis between viviparous and oviparous
populations of the lizard Saiphos equalis provided a unique opportunity to study
the transition between parity modes. The long egg retention populations showed
vastly different transcriptome profiles compared to oviparous lizards supporting the
idea that long egg retention is an intermediate towards viviparity (Foster et al. 2020).
Candidate squamate genes associated with viviparous origins in these few studies
offer a unique avenue in understanding how evolution reworked gene networks
toward one parity type or the other among amniotes (Fig. 2). As in mammals, the
viviparous squamate develops placental membranes that interact with adjacent
uterine tissues responsible for adhesion to the uterus, respiratory gas exchange,
water transport, and nutrient transport justifying additional comparative investiga-
tions (Fig. 2).

5 Mammals

In mammals, the only lineage that evolved or retained oviparity is the monotremes
(platypus and echidna). Other mammals feature life birth at different stages, and if
eggs and their prolonged retention are an ancient precursor to the mammalian
placenta, the marsupials represent an ideal intermediate group with a more simplified
intrauterine development for the study of evolutionary paths to eutherian placental
structures (Frankenberg and Renfree 2018). Confusion can arise though in the
characterization of mammalian placental biology. Eutherian mammals sometimes
mistakenly classified as placental mammals are to the exclusion of marsupials and
monotremes while in fact all three major groups of mammals feature placentae.
Guernsey et al. (2017) describe the marsupial placenta that similarly mediates early
embryonic development but despite a shared mechanism of nourishing the infant.
Even in the egg-laying monotreme, the embryo is supported by a simple placenta
during early development. Both the monotreme hatchling and marsupial newborn
rely on a far more complex repertoire of milk proteins for further development. In
many viviparous species, the mother provides nutrients to the embryo during
gestation, a pattern known as “matrotrophy.” Yet, when observing the life history
of mammalian viviparity, at the base of mammalian phylogeny one enigma remains.
Only five species of the 5416 extant mammals are not viviparous, the oviparous
monotremes of echidna (four extant species) and platypus. The discovery of
egg-laying in platypus and echidna was a sensation among European Zoologists
and was remarkably reported on the same day in 1884 by Haake in echidna and
Caldwell in platypus. The various attributes of the monotremes and how their
oviparous mode of reproduction, as well as many other unexpected phenotypes,
conflict with existing theories of species evolution remains under study. The
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Fig. 2 Extraembryonic membranes of viviparous reptiles and mammals. Both develop membranes
that form a placenta during pregnancy to serve the nutritional needs of the developing embryo and
fetus. Many ancestral genes, a subset listed here, have been putatively repurposed to facilitate
viviparous transitions across vertebrate phylogenies. (Figure modified with permission from
shmoop.com)

platypus genome was a harbinger of evidence about what the ancient mammal-like
reptile genomes may have lost in the burst of eutherian species. The ancestral descent
of known physiological systems that were counterintuitive, such as the ability to lay
eggs (Warren et al. 2008), was revealed in a collection of studies. The remnants of
genes that are associated with venom (Whittington et al. 2009), lactation, egg-laying,
testes descent, sensory gene evolution, gastric function (Ordonez et al. 2008),
immune gene family expansions (Whittington et al. 2008), jumping genes
(retrotransposed elements), and many others were characterized (Warren et al.
2008). Despite the variety of mammalian placental types and differences among
viviparous squamates, all are derived from the trophoectodermal layer of cells in the
developing embryo and unique gene adaptations offer partial explanations (Fig. 2).
In a search for genes that drive the trophoectoderm differentiation, a precursor to the
functioning placenta, the oviparous platypus has offered some transcription factors
that putatively control trophoectoderm destiny, specifically POU domain transcrip-
tion factors (Niwa et al. 2008; Frankenberg et al. 2010). More comparative studies
will be needed to firmly associate this unique monotreme regulatory sequence as a
key precursor in directing cellular differentiation toward placental structures that
establish uterine nourishment of embryos. Other derived eutherian genic examples
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of placental support also exist. For instance, the proper cis-regulatory gene regula-
tion of prolactin in endometrial cells by HoxA-11 transcription factors is necessary
for proper placentation. These maternal stemmed cis-regulatory elements that con-
trol prolactin endometrial expression are exclusive to eutherian mammals (Lynch
et al. 2008). Some studies suggest that inflammation has been repurposed as a way
for the mother and fetus to communicate. Only eutherians display a dramatic
downregulation of inflammation after implantation, thus averting premature partu-
rition (Chavan et al. 2017). Gene duplication events after the divergence of euthe-
rians for the Tripartite-motif family-like genes, in particularly the unique eutherian
existence of TRIML2, suggests a specific role in the control of placental induced
inflammation (Zhang et al. 2020). Also, the parent of origin-dependent monoallelic
gene expression or genomic imprinting, which is seen as an important driver of
placentation and viviparity on mammals, is absent in monotremes (Keverne 2014).
The candidate gene examples noted here and others validate the vibrant use of the
marsupial and monotreme genomes to further define the origins of mammalian
placental complexity.

6 Conclusion

The evolutionary transition from oviparity to viviparity is now better understood and
can occur in intermediate steps via internal incubation of the eggs or more or less
extensive nourishment through placental tissues. Vertebrates offer a variety of
evolutionary solutions to balancing fecundity, number of offspring, and environ-
mental uncertainty with the challenges of internal development of the fetus
(Amoroso 1952). While many gene signaling pathways involved in adhesion,
invasion, immunosuppression, and nutrient and gas exchange have been associated
with viviparity, different genes among them have been recruited to support parity.
Together, a compendium of data supports the evolution of viviparity allowed for the
gradual loss of yolk-dependent nourishment of the developing fetus. Illustrations of
oviparous coupled genes and their partnering molecular networks that collectively
have evolved toward a role in sustaining the developing fetus via the placenta offer
exciting expansions in parity knowledge. On the other hand, the immense complex-
ity observed when comparing oviparous and viviparous gene systems intimates
uncertainty in this broad statement. Continuing studies that offer compelling counter
arguments of parity beginnings will hopefully systemize the gene networks poten-
tially utilized to achieve the appropriate level of reproductive success. Certainly,
with many high-quality genomes now available for various oviparous and viviparous
species, scientists are empowered to test many gene centric theories on the molecular
plan deployed to confer one mode of reproduction over another. Perhaps
E.C. Amoroso summarized it simplistically and best when asked to define the
placental features of mammals that distinguish them from lower vertebrates when
he noted one key word—*"“protection” and then followed “This protection conferred
by viviparity reaches its climax in mammals.”
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Abstract The preimplantation mammalian embryo is a simplistic, self-contained,
and a superior model for investigating the inherent complexities of cell fate decision
mechanisms. All mammals begin their humble journey from a single-cell fertilized
zygote contained within a proteinaceous coat called the zona pellucida. The zygote
embarks on a series of well-orchestrated events, beginning with the activation of
embryonic genome, transition from meiotic to mitotic divisions, spatial organization
of the cells, timely differentiation into committed trophectoderm (TE) and primitive
endoderm (PrE), and ultimately escape from zona pellucida for implantation into the
uterus. The entire development of preimplantation embryo can be studied in vitro
using a minimalistic and defined culture system. The ease of culture along with the
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ability to manipulate gene expression and image the embryos makes them an ideal
model system for investigation into the first two of several cell fate decisions made
by the embryo that result in a pluripotent epiblast (EPI) and differentiated TE and
PrE lineages. This chapter reviews our latest knowledge of preimplantation embryo
development, setting the stage for understanding placental development in subse-
quent chapters in this Book.

Keywords Inner cell mass - Trophectoderm - Blastocyst - Epiblast - Hippo signaling

Abbreviations

Amot Angiomotin

aPKC Atypical protein kinase C
dnYap Dominant-negative Yap
EPI Epiblast

ICM Inner cell mass

Lats-KD Lats kinase dead

LH Luteinizing hormone

Na*/K* ATPase
PAR

Sodium potassium ATPase
PDZ-domain-containing scaffold protein

PGC Primordial germ cell
PLC Phospholipase C
PrE Primitive endoderm
TE Trophectoderm

1 Introduction

The developing mammalian embryo is a unique and valuable model system for
studying cell fate decisions. One of the fundamental questions in biology is how a
relatively simple single-cell zygote achieves the seemingly impossible task of
generating a complex multicellular being. The embryonic cells are tasked with
having to make orderly cell fate decisions in a spatiotemporal manner, differentiate
into specialized cell types, self-organize into higher order tissues and organ systems,
and ultimately generate a functional being. In this regard, the developing mammalian
embryo, a “self-contained” system serves as a unique model system for in vitro
investigation into genetic, epigenetic, and mechanochemical forces that are at the
basis for regulating cell fate (White et al. 2018). Early stages of mammalian embryo
development, from maturation of oocytes to blastocyst, can be recapitulated in vitro
using a simplistic culture system without the need for external maternal cues
(Whitten and Biggers 1968). The recent discovery of genome editors now expands
the range of mammalian species (beyond mice) available for genetic manipulation
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Fig. 1 Mouse embryo preimplantation development. The embryo undergoes successive and timely
cleavage divisions resulting in an increased number of totipotent blastomeres with a progressively
smaller cell size. In the compact morula, these blastomeres become self-organized into inside and
outside cells. By embryonic day (E) 2.5 late eight-cell stage, the boundaries between the outside
cells begin to disappear by “compaction.” By E3.5, the embryo transforms into a fluid-filled
blastocyst with outside trophectoderm (TE) and inner cell mass (ICM). By E4.5, the ICM cells
differentiate further into primitive endoderm cells (PrE) lining the blastocoel cavity and pluripotent
epiblast (EPI) cells at embryonic pole. TE marks the first visual and deterministic cell fate decision
followed by the development of PrE making the second fate decision. In the figure, cell lineages are
marked by distinctive colors to visually differentiate them

and for comparative studies. Advances in sequencing technologies, including the
ability to sequence single cells, now allow us to capture genetic and epigenetic
signature at a higher resolution within the embryos. Finally, breakthroughs in live
cell imaging permit tracking of respective morphological fates in vitro (Nagy et al.
2003; Brinster 1963). Cumulatively, the advantages offered by the use of the embryo
as a model system and numerous technological advantages are facilitating major
breakthroughs in our understanding of first two cell fate decisions: (1) the emergence
of trophectoderm (TE) and inner cell mass (ICM) and (2) the differentiation of ICM
into pluripotent epiblast (EPI) and committed primitive endoderm (PrE). In this
chapter, key landmark events in the development of blastocyst are discussed (Fig. 1).
These include awakening of the oocyte by sperm penetration and subsequent
transition from meiotic to mitotic divisions (Fig. 2a—f), reductional cleavage divi-
sions resulting in the progressive decline in the size of the embryonic cells and the
emergence of heterogeneities in the cleaved blastomeres (Fig. 2g), self-organization
of cleaved blastomeres into inside and outside cells (Fig. 2h), compaction of the
outer cells and the erasure of distinct cell boundaries (Fig. 2h—j), development of
trophectoderm and fluid-filled blastocyst cavity (Fig. 2k), generation of extraembry-
onic endoderm, and ultimately hatching and implantation of the embryo (Fig. 21-n).
Among the mammalian embryos, the mouse zygote has been studied extensively and
will be the basis for discussion below. Several recent articles on mammalian
blastocyst development have been published, and the readers are encouraged to
peruse the literature for additional information (White et al. 2018; White and Plachta
2020; Zhang and Hiiragi 2018; Leung and Zernicka-Goetz 2015).



B. P. Telugu and L. Pence

24

Surwreons orwse[doj£) "Apoq Jrejod 3s1y [[99 [enpisal Jo uoneuLIo} ay) ur jnsar wise[dojAd Jo sjunowe [[ews M SSWOSOWOIYD PIpNNX (I) "SOWOSOWOIYD
9y} JO J[ey QUO JO UOISNIX? Ul s)[nsal | sisorour Jo uonajdwo) (q) *Suruijos [eonJod [eslnowAse wolj Sunnsar oKI1quio ay) Jo apIs duo o0} sa[pulds onorowr
0jul 9ZIUB3IO-J[OS SIUSWER[YOIDIW UNOY ‘[ SISOIdW QWInsdI 93Ins HT Suimof[oj 914200 (&) ‘Juawdo[oAdp 3sK00ise[q 01 SUIped] SJudAd yIewpue] A9y ¢ “S1g

adeass ysfooyse|q
pue Buiyaiey euoz

epian|jad euoz
ayy aumydny sesesyoud
U 522104 [RIIURYISN

5|22 34d 2+ 9YLYD puy
5]|92 |d3 @A+ Bouen ol
WD Jo uonenuaiayg

SSEL (|82 Jauu)

Jajem Jo Xnpul pue

saz

° _
_._m.. \’ \ \wvﬂ.mwﬂz o juzipeiB-uol jo Juswysigeisg
SISES0I4
. @ L wpaposaydos|

siaddiz uioe £q

sli#2 apising :
uonezuejod s||22 apisul (NO sofuqua jo Buijeas pue
|eseq-oo1dy BujjeuBis-oddiy suoRaunl o uoRezI|IgeIS
ased 1V W/EN de e e 5
flLied fL-wer fEdeg uuzg -
upaypes-3
uoneAyiaw
ozugHe H r
Answwissy

Alquiasse s|puidg

5 S1S03IW 03 saipoq Jejod omy |I-sisolapy jo ajpuids ||-aseydelaly
UoINSUR] pue 1apnuoid om| uondwnsay "syfdoco suleyuiew Bulwesys Apoq sejod ;| juepuadap-unoy
‘83064z paziuay S9RAIOR UONEZIISS snwse|doifs 40 uoIsnIxg | .e»n.._awﬁ_z




25

Development of Pre-implantation Mammalian Blastocyst

(TeuInof JOTAJS[H WOy
uorssturad ym (8107) ‘T8 10 MMYA\ WoI) pAeIdudd useq sey aan3y aysodwod ay 1) “Surydley euoz se umouy ssaooid e ur epronfod euoz woi sadeosa 1s£00)se[q
popuedxq (u) epronjod euoz jo armydni [enjuaAd pue Suruury) AY) ul 3[nsax saseajoid Jo uorssardxa pue 1s420)se[q Jo uorsuedxd woj Sunnsar sadI0J [BITURYIUW
JO UONBUIQUIOD B BIA 1SA00)se]q oY, "AIIABD 1SAJ0)sB[q AU} SPIemO) S[[20 FId Jo Surulf ayy ur Sunnsar ‘uonesdiu pue sisojdode Jo uoneuIquIod © BIA S[[2O
J1d 9y L, (ux) ‘uorysej 1oddad-pue-jjes onswaoeIeyd € ul (MO[[K) S[[90 g1 A+ 9eIen) pue (pal) S[[99 [d A+ SoueN 01Ul AJenuaIdIp s[[ed juajodunid aprsuf ()
*K31a80 15£00)S8[qQ WLI0J 0) SUSWIN[OIOIW JO UOISN) PUE SPINJJ JO UOHE[NWNIOL dAIssaIS01d ur Sunnsal 1ajem Jo uoIsnyjIp pue suol wnrpos jo Surdwnd ur Sunnsor
sdwnd wnipos jo uoneanoy () ‘wstueyodw ayIf-Ioddiz € ur suonoun( aInjew pue 9zIjIqe)s s[[9d apIsino ay) ut s3uwr unoe ay [, () 7/cnog ‘oued Aousjodumnid
Jo uone[n3aidn pue gxp) Jo sso[ ay} ur Junynsal ‘pajeande st Surreusdts oddiy ‘s[[eo apisur oy} Uy ‘gxp) ‘Ouasd uoneoyroads-g [, ousmuruidep jo uonemsaidn
oy ur Sunnsar ‘@anoeut st Jureudts oddry ‘s[eo opisino oY) up "paxy st Jureudts oddry ‘oAique uonoedwod-isod oFe)s [[09-91 Ag (1) 9sed LV /eN
pue [wef/]red apissuore xo[dwoos [euonoun( 2y Je sje[NUINOIL ULIAYPEI-F ‘dBJINS [eseq Ay uQ ‘xo[duwod uonezirejod [esrde oyde/gred/cIed opIsSuo[e 2ovLIns
[earde oy 03 9z1eoo] ulzg urdloid Jurpulq-unoe pue SUSWER[Y UIOY "d0BJINS [[30 921J-)0LIu0d Y} uo do[oAdp I[[IACIdIW :90eJINS [edide ay) uQ "S[[99 PISINO
A ur sadrowe uonezie[od [eseqoorde a3els [[20-1y31e el A () "uone[Aypowr 9ZY¢H JO S[PA] Y31y ssa1dxa sa1owo)se[q Inoj Y} Jo om[, "93els [[20-In0j Je
9SLIE SaIdWo)ISe[q Suowe sarnjeuss onouadide ur sommowwAsy (8) “soA1quio asnowr ur a3e)s [[99-0M1 Je 2oe[d soye) Jey) uoreA)OR QWOUAZ O1j03AZ [1Iun UonISUL:
oy dJeIpawr sagessowr pajisodop A[[eurajew 9yJ, ‘SUOISIAIP 93eABI[O JNONW 0} uonisuen) suidaq 9o3Az pazinio) mou Y], (§) ‘1oponuoid oewd) pue dew
9JLIoU3 PUB ‘QUBIqUISW JEI[ONU 9JB[NWNIJE ‘UOIESUIPUOIIP 0FIopun sowoudd wirads pue awouad 914500 projdey mou ayJ, (3) *Apoq Jejod puosas Jo UoISnNxd
pue ][ sisoroul Jo uona[duwiod 2y ul s)[nsal uonezinia} Suimoloj wiads jo uonenausd (p) -oSels suy) e pajsaire st pue doe[d ul T aseydejow mou ayy spjoy



26 B. P. Telugu and L. Pence

2 Setting the Stage: Fertilization Awakens the Oocyte
and Jumpstarts Embryonic Development

Embryonic development begins with the fusion of a haploid sperm with the oocyte.
The timeline for sperm and egg development is heterogeneous in both sexes. Both
gametes start their journey as primordial germ cells (PGC)—a small cluster of cells
in the primitive streak at the posterior end of the gastrulating embryo (Ohinata et al.
2009; Saitou and Yamaji 2012; Irie et al. 2014; Ginsburg et al. 1990). Upregulation
of a triad of transcription factors Prdm1 (Ohinata et al. 2005), Prdm 14 (Yamaji et al.
2008, 2013; Ma et al. 2011; Grabole et al. 2013), and Tfap2c (Schafer et al. 2011;
Weber et al. 2010) in a subset of precursor mesodermal cells results in the suppres-
sion of somatic program, epigenetic erasure, and reactivation of pluripotency,
ultimately giving rise to PGC. The PGC then make their orderly journey to their
eventual resting place, the genital ridge—a mesenchyme abutting the mesonephric
system. Key differences between the sexes emerge here. In males, upregulation of
Nanos2 prevents progression of male germ cells to meiosis, which is resumed
postnatally (Suzuki and Saga 2008). In females, the germ cells enter into prophase
of meiosis I and are arrested at the diplotene stage (dictyate stage) at the time of birth
and undergo sequential albeit discontinuous progression to a haploid stage. The
oocyte maintains close contact with the nurse cells—the cumulus cells via transzonal
cellular projections that traverse the width of zona pellucida and provide nutritional
and transcriptional support, and regulate meiosis (Barrett and Albertini 2010).
Postnatally, a surge in luteinizing hormone (LH) will result in the loss of cumulus-
oocyte contacts, breakdown of the nuclear membrane, and resumption of meiosis
(Bury et al. 2017). In what could be considered as a first departure from symmetry,
the cortex of the oocyte softens at one-end promoting migration and assembly of
meiotic spindle, followed by cortical thickening to hold the spindle in place (Fig. 2a)
(Chaigne et al. 2013). The oocytes lack centrosomes; therefore, the first few divi-
sions are dependent on self-organization of actin filaments (Fig. 2a) (Dumont et al.
2007; Yi et al. 2013). Asymmetrical positioning of the spindle ensures generation
and expulsion of a smaller sister cell (polar body) encompassing one half of the
chromosomes and a smaller volume of cytoplasm following meiosis I (Fig. 2b, c¢)
(Yietal. 2011; Mogessie and Schuh 2017). This ensures that bulk of cytoplasm with
transcriptional and translational machinery was preserved in the oocyte for progres-
sion to mitotic divisions. Following the first meiotic division culminating in gener-
ation of the first polar body, the meiotic spindle is assembled in a similar fashion
with polymerization of actin filaments, cytoplasmic streaming (Fig. 2d) (Yi et al.
2011), and is arrested at metaphase stage of meiosis II again, awaiting activation by
sperm. Following entry of sperm into the oocyte, a sperm-borne oocyte-activating
factor (PLC-zeta) triggers reactivation and resumption of meiosis and expulsion of
second polar body (Fig. 2d, e) (Clift and Schuh 2013). This marks the first keystone
event.
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3 Cleavage, Imprinting Erasure, and Embryonic Genome
Activation

Following fertilization, the maternal and paternal chromosomes undergo
decondensation, and assemble nuclear membranes forming male and female
pronuclei (Fig. 2e). The next immediate hurdle is the transition of oocyte from
meiotic to mitotic divisions when the now zygotic genome is transcriptionally silent.
The maternally deposited transcripts guide this transition and predominantly code
for protein transportation, localization, and cell cycle genes (Fig. 2f) (Li and
Albertini 2013). Paternal and maternal DNA undergo histone exchange, global
DNA methylation, gamete-specific imprinting erasure, and activation of
retrotransposons, culminating in the attainment of a totipotent genome (Habibi and
Stunnenberg 2017; Jachowicz et al. 2017; Burton and Torres-Padilla 2014). Even
though the mammalian embryo does not go through a predetermined cell fate
specification as seen in Drosophila, C. elegans, Xenopus, and other lower phyla, it
is now clear that subtle differences between blastomeres emerge as early as two-cell
stage and major differences are evident by four-cell stage (Fig. 2g) (Tabansky et al.
2013; Fujimori et al. 2003; Piotrowska-Nitsche et al. 2005; Littwin and Denker
2011; Antczak and Van Blerkom 1997). Following DNA replication and first mitotic
cleavage division, differences in allocation of maternal transcripts between the two
blastomeres, especially in the localization of ribosomal RNAs, are evident at
two-cell stage (Piotrowska et al. 2001; Piotrowska and Zernicka-Goetz 2001).
Likewise, differences in expression of epigenetic modifiers Prdm14 (Burton et al.
2013) and Carml (Torres-Padilla et al. 2007) were reported by the four-cell stage,
with two of the four cells expressing high levels of Prdm14 and Carm1. Addition-
ally, differences in H3 methylation H3R17 and H3R26 emerge in blastomeres at the
four-cell stage, which tend to bias contribution to ICM (Fig. 2g) (Torres-Padilla et al.
2007; Burton and Torres-Padilla 2014). Carm1 regulates H3R26 methylation and
increases expression of Sox2, ultimately biasing the cells to pluripotent ICM fate. It
is not clear, what regulates increased expression of Carm1 at the four-cell stage. Prior
studies that reported no differences in transcriptional profile among blastomeres until
the 16-cell stage in the mouse embryo were clearly constrained by the depth and
limitations of sequencing (Dietrich and Hiiragi 2008; Guo et al. 2010; Ralston and
Rossant 2008; Wicklow et al. 2014; Alarcon and Marikawa 2005; Motosugi et al.
2005; Hiiragi and Solter 2004). In summary, though the blastomeres are overtly
homogenous and seemingly identical morphologically, heterogeneities are built into
blastomeres by the four-cell stage, setting the stage for lineage specification
(Tabansky et al. 2013; Fujimori et al. 2003). Regardless, the fate of the blastomeres
remains flexible and is only finalized at the blastocyst stage to accommodate for
stochastic errors that are to be expected in the developing embryo.
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4 Compaction: First Visual Departure

Following a series of mitotic cleavage events that lead to a progressively smaller and
morphologically indistinguishable blastomeres within the zona pellucida, the first
overt morphological change that disrupts the uniformity is the compaction of
blastomeres soon after the eight-cell stage (Ziomek and Johnson 1980). Blastomeres
on the outside establish apicobasal polarity with the accumulation of microvilli,
actin-binding protein Ezrin, and actomyosin complex on the contact-free apical cell
surface (Fig. 2h) (Ducibella et al. 1977; Louvet et al. 1996; Vinot et al. 2005). On the
basolateral surface, E-cadherin accumulates in the junctional complexes (Vestweber
et al. 1987; Ziomek and Johnson 1980). It is yet unclear as to what triggers apical
polarity at the cell surface, but preliminary reports suggest that actomyosin complex
is accumulated at the apical cortex by phospholipase C-mediated hydrolysis of
phosphoinol phosphate 2 and activation of protein kinase C (Zhu et al. 2017).
Activated protein kinase activates RhoA, which in turn triggers polarization of the
actin network, accumulation of the Par3-Par6-aPKC complex (Vinot et al. 2005),
and ultimately the formation of an apical domain. In the cell-cell contact basolateral
surface, accumulation of Parl (Vinot et al. 2005), Jam-1 (Fig. 2h) (Thomas et al.
2004), and Na*/K* ATPase (Watson and Kidder 1988) was seen alongside
E-cadherin (Fig. 2k). Accumulation of E-cadherin at the basolateral surface increases
the surface area of cell contacts, resulting in a gradual flattening of the outer
blastomeres and erasure of distinct cell boundaries, and establishment of a primitive
epithelium-like structure in the embryo (Fig. 2j) (Johnson 2009; Ducibella and
Anderson 1975). It was long believed that accumulation of E-cadherin at junctional
complexes and an increase in intercellular adhesion were responsible for morpho-
logical changes during compaction. However, recent studies cast doubt on this basic
assumption as to whether E-cadherin transligation will yield enough forces to
achieve cellular deformation (Samarage et al. 2015; Maitre et al. 2012). Rather,
the discovery of filopodia—long membrane protrusions emanating from the apical
cell surface and adhering via E-cadherin to the apical surface of adjacent cells—to be
likely responsible for characteristically distinct compaction event (Fierro-Gonzalez
et al. 2013). The filopodia are connected to the cytoskeleton and myosin motor
protein, myosin-10 (Fierro-Gonzalez et al. 2013). Laser ablation of the filopodia
results in rapid rounding of the cells and loss of compaction, bringing adhesion-
based compaction model into question (Maitre et al. 2015). These observations
corroborate a mechanochemical model for compaction, whereby the pulsatile acto-
myosin contractility linking the neighboring cells is redistributed by junctional
E-cadherin away from cell-cell contact surface. Future investigations are aimed at
understanding how the E-cadherin-dependent filopodia emerge, and the pulsatile
actomyosin contractility is initiated and regulated.
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5 Specification of Inner Cell Mass (ICM)
and Trophectoderm: The First Cell Fate Decision

Following compaction and between 8- and 16-cell late-morula stage embryo, the
cells are organized into outer polar and inner apolar cells, which give rise to TE and
ICM lineages, respectively. However, the phenotypes and lineage identities at the
16-cell stage are not stable. Isolated apolar blastomeres can become polarized if
placed on the outside position (Ziomek et al. 1982); outside cells of the late morula
can produce ICM derivatives when aggregated with earlier embryos (Rossant and
Vijh 1980), and cells of the ICM can produce trophoblast tissue (Handyside 1978). It
is not until blastocyst formation that the TE and ICM lineages are irreversibly
determined. Formation of the blastocyst marks the first visual cell fate decision,
with TE cells on the outside committed to placental development, and cells on the
inside (ICM) committed to the development of fetus and components of extraem-
bryonic membranes. These events as discussed below are dependent on stochastic
and deterministic events involving Hippo signaling system.

5.1 Differentially Expressed Transcription Factors Lead
to Lineage Specification

At the late 16-cell stage, when the TE and ICM lineages are set-aside, differential
expression of specific transcription factors becomes apparent in the mouse embryo.
Inner apolar cells show strong expression of Sox family member Sox2 (Avilion et al.
2003), the homeobox gene Nanog (Chambers et al. 2003; Mitsui et al. 2003), and
octamer-binding transcription factor gene Pou5f1 (Niwa et al. 2000). Sox2 is the first
transcription factor to be specifically upregulated in the inner cells starting at the
16-cell stage (Guo et al. 2010). Nanog and Pou5fI are found uniformly expressed in
all cells, with strong expression evident at the eight-cell stage, and later restricted to
the ICM of the blastocyst (Fig. 21) (Palmieri et al. 1994; Dietrich and Hiiragi 2008).

The caudal-related homeobox gene, Cdx2, and the zinc-finger transcription factor
Gata3, have an expression pattern opposite to that of Sox2, Nanog, and Pou5fl.
Cdx2 and Gata3 are strongly expressed in the outside polarized cell population
(Strumpf et al. 2005; Beck et al. 1995; Ralston et al. 2010). It is speculated that an
imbalance between Pou5fl and Cdx2 initiates a reciprocal inhibition system that
results in the restricted pattern (Ralston et al. 2010). To support this, TE-like cells
found in Cdx2 null embryos reexpress Pou5fl (Strumpf et al. 2005), while Pou5f1
null embryos express TE markers in the ICM (Nichols et al. 1998). However, a more
recent study shows that Pou5f1 levels remain high during the accumulation of Cdx2
and speculates that Pou5fI levels therefore do not affect accumulation and mainte-
nance of Cdx2 (Dietrich and Hiiragi 2008). It is still possible however that the
reciprocal inhibition pathway is dependent on Cdx2 reaching a certain threshold
before it is able to downregulate Pou5fI. Either way, single blastomere RNA



30 B. P. Telugu and L. Pence

sequencing has shown that activation of TE-specific genes, including Cdx2, shows
up as the first overt transcriptional difference between blastomeres (Posfai et al.
2017). To summarize, the currently accepted model for lineage specification in
mouse embryo combines gene expression patterning and blastomere position. In
this model, molecular differences between blastomeres are established during the
eight-cell stage, and then a combination of stochastic processes restrict blastomeres
with specific molecular profiles to the inside or outside populations (Dietrich and
Hiiragi 2008; Lanner 2014). Following this stochastic allocation, a deterministic
event led by Hippo signaling establishes the lineage commitment (Fig. 3) (Nishioka
et al. 2008).

5.2 Hippo Signaling Pathway and Lineage Specification

The Hippo signaling pathway was first discovered in Drosophila as a tumor
suppressor-signaling pathway, but is also conserved in mice and humans (Harvey
et al. 2013; Yu and Guan 2013). The Hippo pathway is regulated by a variety of
stimuli including cell-cell adhesion mediated by E-cadherin and by cell polarity
mediated by angiomotin (Amot) which is thought to be the stimuli that initiates
Hippo signaling activity in the mouse embryo (Fig. 3) (Kim et al. 2011; Hirate et al.
2013). The main components of this pathway are the protein kinase Mst1/2 and its
co-activator Sav1 that function to activate kinase Lats1/2. In turn, Lats1/2 and its
coactivator Mobla/b phosphorylate Yapl and Taz, which are transcriptional
coactivators of Tead proteins (Yu and Guan 2013). Amot interacts with the E-
cadherin-a o/p-catenin complex and serves as a scaffold protein that associates
with Yap and Lats proteins (Fig. 3) (Paramasivam et al. 2011). Phosphorylation of
Yapl results in cytoplasmic sequestration and in turn suppresses target gene expres-
sion. Therefore, activation of Hippo signaling suppresses expression of Tead target
genes, and inactivation of the pathway induces the expression of those target genes.

In the mouse embryo, Hippo signaling is an upstream regulator of Cdx2 expres-
sion and is directly involved in ICM vs. TE lineage specification (Yagi et al. 2007).
In the inside cells of the mouse embryo destined to become ICM, Hippo signaling is
activated as a result of increased cell-cell contacts (Nishioka et al. 2009). This
activation is mediated by Lats1 and Lats2 kinase, which phosphorylates and seques-
ters Yapl in the cytoplasm, preventing it from coactivating Tead4, a transcription
factor that directly regulates Cdx2 expression (Nishioka et al. 2009; Hirate et al.
2013). Transient upregulation of Lats2 in the mouse embryo results in reduced
nuclear accumulation of Yapl, downregulation of Cdx2, and failure to form a
blastocoel because of the absence of TE cells (Fig. 3) (Nishioka et al. 2009). This
phenotype is also a characteristic of Tead4 null embryos, indicating that aberrant
overexpression of Hippo component Lats2 suppresses differentiation to the TE
lineage via its control of Tead4 activation (Yagi et al. 2007). In the outside cells
destined to become TE, Hippo signaling is inactive, which allows Yapl to translo-
cate into the nucleus, activate Tead4, and upregulate Cdx2 (Fig. 3) (Nishioka et al.
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2008, 2009). Null mutation of either Latsl or Lats2 does not appear to disrupt
normal development during the preimplantation stages (McPherson et al. 2004; St
John et al. 1999; Yabuta et al. 2007). However, overexpression of a catalytically
inactive form of Lats2 (Lats kinase dead, or Lats-KD) is able to dominantly inhibit
both Latsl and Lat2, resulting in an embryo that expresses Cdx2 in inside cells
(Nishioka et al. 2009). Furthermore, a double knockout of both Lats! and Lats2
exhibits the same phenotype, strongly suggesting that Lats1/2 kinase is necessary to
activate expression of the TE lineage marker, Cdx2 (Nishioka et al. 2009).

The importance of Hippo signaling in TE vs. ICM lineage specification has been
confirmed in several mouse models: double knockdown and knockout of Lats! and
Lats2 genes (Lorthongpanich et al. 2013; Nishioka et al. 2009), overexpression of a
catalytically inactive form of Lats2 (Lats2 kinase dead) (Nishioka et al. 2009), and
depletion of Amot and AmotI2 (Hirate et al. 2013) all show nuclear accumulation of
Yapl, strong expression of Cdx2 in both outside and inside cells, failure to develop
ICM-derived tissues, and TE-like blastomeres that populate both the inner and outer
cell positions. Overexpression of Lats2, overexpression of a dominant negative form
of Yap (Nishioka et al. 2009) (dnYap), and Tead4 null embryos (Nishioka et al.
2008, 2009; Yagi et al. 2007; Ralston et al. 2010) show cytoplasmic accumulation of
Yapl, reduced expression of Cdx2, and failure of embryonic cells to differentiate
into trophectoderm.

5.3 Hippo Signaling as It Relates to Cell Polarity and Cell
Position

Apicobasal polarity in mouse embryos is dictated by the PAR-aPKC system (Vinot
et al. 2005). This system involves a set of evolutionarily conserved proteins that
include PDZ-domain-containing scaffold proteins (PARs) and atypical protein
kinase C (aPKC) which dictate polarity in a variety of both invertebrate and
vertebrate species (Fig. 3) (Suzuki and Ohno 2006). As discussed above, polariza-
tion begins at the eight-cell stage in the mouse embryo and is marked by apically
restricted microvilli (experimentally visualized with phosphorylated-Ezrin) (Louvet
et al. 1996) and accumulation of PARDG6b and later aPKCC at the apical surface
(Vinot et al. 2005). Establishment of polarity in turn has been shown to directly
suppress Hippo signaling activity in embryos (Hirate et al. 2013). Disruption of the
PAR-aPKC system via injection of RNAIi constructs in mouse zygotes causes Hippo

Fig. 3 (continued) activates trophectoderm gene expression, including Cdx2. In the inside cells,
Hippo signaling is inactive. Lack of polarization complex allows for Amot to activate Lats kinase.
Lats kinases phosphorylate Yap and subsequently sequester Yap protein in the cytoplasm. Lack of
Yap translocation in the nucleus results in loss of expression of TE specification genes and
upregulation of pluripotent genes including Pou5fl and establishment of pluripotent inner cell
mass cells
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pathway activation as evidenced by disruption of apical localization of Amot,
exclusion of Yapl from the nucleus, and TE development failure (Hirate et al.
2013). However, when the same embryos are dissociated, Hippo signaling is not
activated despite the disruption of polarity (Hirate et al. 2013). This suggests that
activation of Hippo signaling is not only dependent on the apolar status of individual
blastomeres but is also dependent on cell-cell adhesion. Furthermore, in apolar cells
where the PAR-aPKC system is inactive, Amot is found associated with basolateral
adherens junctions via binding to the E-cadherin complex (Hirate et al. 2013).
Activation of Amot at adherens junctions is thought to potentiate the activation/
function of Lats kinases and results in Hippo pathway activation (Hirate et al. 2013).
Together, these observations indicate that Hippo signaling responds to a combina-
tion of inputs: cell-cell adhesion and cell polarization. In the inner cells, Hippo
signaling is activated by increased cell-cell contacts whereas in the outer cells, cell-
cell contact-dependent Hippo signaling is suppressed by the polarization status of the
outside cells mediated by the PAR-aPKC system (Sasaki 2015). To relate this
finding to TE-specific expression of Cdx2, a study analyzing localization of aPKC
in Cdx2 mutant embryos showed that aPKC localization to the apical surface was not
affected by the lack of Cdx2. This suggests that cell polarization is independent of
Cdx2, and Cdx2 upregulation is genetically downstream of cell polarization (Ralston
and Rossant 2008).

From these studies, progression of events can be summarized as follows: (1) cell
polarization begins at the eight-cell stage, (2) from the 16-cell stage onwards final
polarity status in individual blastomeres is established, (3) Hippo signaling is
suppressed in the polarized outer cells and is activated by cell-cell adhesion in the
apolar inner cells (Fig. 3), and (4) this leads to lineage specific gene expression to
stabilize the TE and ICM fates in the blastocyst (Fig. 3). Hippo signaling is therefore
a key driver for segregation of ICM and TE lineages; however, it is still unknown at
what time point Hippo signaling is sufficient to establish cell fate (Posfai et al. 2017).

6 Blastocyst Maturation and Hatching

Following the stabilization of Hippo signaling and the establishment of outer TE
cells and ICM cells, the embryo transitions to a fluid-filled blastocyst stage. Blasto-
cyst cavity is formed by active transport of sodium ions across the TE cells which
create an osmotic gradient and an influx of liquid to create a fluid-filled blastocyst
(Fig. 2k) (Aziz and Alexandre 1991; Benos et al. 1985; Watson and Barcroft 2001).
The expanding blastocyst cavity is stabilized by tight junctions between the outer
cells resulting in the generation of first embryonic epithelium the TE (Wang et al.
2008). Recent studies have highlighted the emergence of atypical apical actin rings
that extend to the junctions between the outer cells and subsequent stabilization of
adherens and tight junctions in a zipper-like mechanism in the TE (Fig. 2j) (Zenker
et al. 2018). The expanding blastocyst cavity results in marginalization of ICM cells
towards one end of the blastocyst (embryonic pole). The pluripotent ICM cells
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express Pou5f1, Sox2, Nanog, and Gata6 (Fig. 21) (Ohnishi et al. 2014). Soon after, a
reciprocal expression is established between Nanog expressing EPI cells producing
FGF4 in an Sox2/Pou5fl-dependent fashion and Gata6 and Ffgrl/2 expressing
FGF4-responsive PrE cells—in a characteristic “salt-and-pepper” fashion (Fig. 2I)
(Chazaud et al. 2006). Following the establishment of two distinct populations, the
PrE cells line up the blastocyst cavity through a combination of migration, apoptosis,
and adhesion (Fig. 2m) (Saiz and Plusa 2013). The blastocyst at this stage will need
to escape from zona pellucida to initiate implantation with uterine epithelium. The
blastocyst escapes from zona in still a poorly understood process but likely includes
a combination of mechanical forces from an expanding blastocyst, and proteolytic
activity (Fig. 2m) (Seshagiri et al. 2009; Perona and Wassarman 1986). The escape
of blastocyst (Fig. 2n) from zona pellucida will herald an implantation phase, and
subsequent development is contingent on maternal inputs.

7 Concluding Remarks

More than one-third of pregnancies are lost in the preimplantation phase of embryo
development, and close to 50% of human pregnancies fail during the first few weeks
of pregnancy (Hyde and Schust 2015). The prevalence is especially worse for
recipients in ovum donation programs, and in patients undergoing in vitro fertiliza-
tion (McDonald et al. 2009; Margalioth et al. 2006; Abdalla et al. 1998). These huge
rates in embryonic losses are also true in livestock, where embryonic and preim-
plantation loses remain major contributors of infertility (Berg et al. 2010). Majority
of our current understanding on blastocyst development comes from studies in
rodent models. Traditionally, this may have to do with ease of husbandry and the
ability to perform sophisticated genetic modifications. However, key differences in
the expression of lineage specification genes in non-rodent models remain and
necessitate investigation into alternative model species. For example, there is a
lack of mutually exclusive and antagonistic expression of POU5SFI and CDX2 in
TE and ICM cells in embryos from livestock, a hallmark of rodent embryos (Rossant
2011). As discussed in subsequent chapters in this book, key differences also emerge
post-hatching in the implantation phase between mouse, human, and other livestock
species. In this regard, comparative studies involving livestock and other non-rodent
model systems will likely contribute to a greater understanding of lineage specifi-
cation, and in bridging gaps left by the rodent models. Livestock offer several key
advantages, including a well-established culture system, unlimited supply of oocytes
(slaughterhouse), and in the post-CRISPR and genome editing era, an ability to
perform genetic modification. Ultimately, cross species investigations will unlock
conserved mechanisms, highlight key differences, and will have a greater impact on
animal and human health.
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Abstract It is sometimes implied that marsupials are “aplacental,” on the presump-
tion that the only mammals that have a placenta are the eponymous “placental”
mammals. This misconception has persisted despite the interest in and descriptions
of the marsupial placenta, even in Amoroso’s definitive chapter. It was also said that
marsupials had no maternal recognition of pregnancy and no placental hormone
production. In addition, it was thought that genomic imprinting could not exist in
marsupials because pregnancy was so short. We now know that none of these ideas
have held true with extensive studies over the last four decades definitively showing
that they are indeed mammals with a fully functional placenta, and with their own
specializations.
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1 Introduction

In eutherian mammals, while the allantois forms the definitive placenta, placentation
does involve both the yolk sac (the choriovitelline placenta) and allantois (the
chorioallantoic placenta), for at least part of pregnancy (Amoroso 1952; Carter
2020; Carter and Enders 2016; Enders and Carter 2006; Freyer and Renfree 2009;
Freyer et al. 2002). All marsupials have a choriovitelline placenta but some also have
a short-lived chorioallantoic placenta (Freyer et al. 2003; Padykula and Taylor 1976;
Renfree 2010; Renfree et al. 2013). Indeed, a vascular chorioallantois responsible for
respiratory functions is likely to have been a character of the stem marsupial species
(Freyer et al. 2003). These variations highlight that each mammalian group has
elaborated the fetal membranes in slightly different ways to gain access to uterine
secretions and to manifest “any intimate apposition of fusion of the fetal organs to
the maternal (or paternal) tissues for physiological exchange” (Mossman 1937). The
marsupial placenta is indeed a fully functional “organ of exchange” but it differs
from the familiar human and mouse placenta in many ways.

In eutherian mammals, gestation has been significantly extended beyond the
length of the estrous cycle, with birth of relatively large young, so requiring a
substantial transfer of nutrients to the developing fetus via a complex placenta. In
contrast, all marsupials have comparatively short gestation periods relative to size,
ranging from the shortest known duration of any mammalian pregnancy of just
12.5 days in the bandicoots to the longest in the red kangaroo of 35 days (Tyndale-
Biscoe and Renfree 1987). Gestation is shorter than the estrous cycle in all but one
species studied, the swamp wallaby, Wallabia bicolor (Menzies et al. 2020;
Tyndale-Biscoe and Renfree 1987). Marsupial young are born at an extremely
altricial stage, and complete most of their developmental milestones while firmly
attached to a teat, usually in a pouch; they have “traded the umbilical cord for the
teat” (Renfree 1983) (Fig. 1). Regardless of the length of pregnancy, all mammals
depend on their placenta to obtain nutrients and exchange waste products with the
maternal system as well as to give and receive signals between the mother—fetus
dyad.

2 The Choriovitelline Placenta

The yolk sac forms the first placental contact in all mammals (King and Enders
1993). It is important for nutrient uptake and is the main source of proteins
absorption by the fetus in many species. The rodent visceral yolk sac is an important
organ of maternal-embryonic exchange of amino acids, transferrin, vitamin B12,
calcium, and other ions (King and Enders 1993; Lloyd et al. 1996) and its protein
uptake accounts for around 95% of amino acids incorporated into the embryo during
organogenesis. It is the route for passive immunity to the embryo in species such as
rabbits; it plays a role in fetal blood formation; and its damage leads to embryonic
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Fig. 1 Gestation and estrous lengths of selected marsupials. In most species, gestation is much
shorter than the estrous cycle. In macropodids, gestation normally includes a period of lactational
embryonic diapause, and the timings here are given from removal of pouch young (RPY) to birth
and estrus. In this group, gestation is extended to almost the duration of the cycle, and in the
extraordinary example of the swamp wallaby gestation is longer than the estrous cycle. Swamp
wallaby females can mate and ovulate in late gestation so they have a near term fetus in one uterus,
and a newly conceived one in the other (Menzies et al. 2020). Marsupial young are tiny at birth.
Weights of adult and neonate are given. (Data from Tyndale-Biscoe and Renfree 1987). For most
species neonates are illustrated; for bandicoot and tammar, the neonates are in the pouch attached to
a teat, with part of a fingernail visible giving a visual scale. The marsupial neonates listed range
from 0.005 to 0.1% of maternal weight. For comparison, the corresponding figures for some
eutherians are: human 5%; mouse 4.8%; and sheep 8%

malformation. The placental function of the yolk sac early in human pregnancy is
often overlooked in view of the highly invasive allantoic placenta that forms later.
The human yolk sac is also the initial site of fetal blood formation, is involved in
protein biosynthesis (Jauniaux et al. 1994; Jones and Jauniaux 1995), and is an
important zone for the nutrient transfer between extraembryonic and embryonic
compartments (Burton et al. 2002; Gulbis et al. 1994, 1998). The yolk sac is
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therefore critical for early pregnancy in eutherian mammals (Beckman et al. 1996;
Merad and Wild 1992; Palis and Yoder 2001).

In marsupials, the yolk sac forms the definitive placenta up to birth (Hughes
1974) and is responsible for physiological exchange, biosynthesis, and endocrine
function (Freyer et al. 2003; Tyndale-Biscoe and Renfree 1987). The tammar yolk
sac consists of two parts: a vascular region, also known as the trilaminar
omphalopleure (TOM), that appears to be the primary site of gaseous transfer, and
the avascular area, the bilaminar omphalopleure (BOM), that appears to be the
primary site of absorptive activity for histotrophic nutrition (Renfree 2010; Renfree
and Tyndale-Biscoe 1973b). The relative contribution of both parts differs between
species as evident in the relative surface area that is attached to the endometrium, in
trophoblast thickness, in yolk sac fusion, and most markedly in the degree of
invasiveness. In marsupials, placental physiology has been extensively studied
only in the tammar wallaby (Renfree 1973a, ¢, 2010) and in the short-tailed gray
opossum (Freyer et al. 2003, 2007; Zeller and Freyer 2002). There is a similar
functional relationship in both the tammar and opossum in that the embryo
(s) depends totally on transfer from the yolk sac during the first two-thirds of
gestation because there is no attachment to the uterine epithelium until then, and
the conceptus floats free in the uterus.

The yolk sac expands considerably during pregnancy (Renfree 1983, 1993). The
biochemical components of the three embryonic compartments have been analyzed
(Renfree 1973a, c). Yolk sac fluid protein is lower than that of the maternal serum,
but much higher than in the amniotic fluid. The marsupial yolk sac fluid also has
significant amounts of amino acids and glucose, whereas the amniotic fluid is
lacking in these nutrients (Fig. 2). The allantoic fluid is high in urea, not surprisingly
as it is the extension of the embryonic bladder (Renfree 1973a). Yolk sac fluid
becomes yellow (as a result of breakdown products of bilirubin) while the amniotic
fluid is completely clear (Renfree 1973a, 2010). Yolk sac fluid in the tammar
contains transferrin (Renfree and Tyndale-Biscoe 1973a) and also metabolic
enzymes (Renfree 1973b), as does the exocoelomic fluid in the human conceptus
(Jauniaux et al. 1994). In the mouse, transferrin is found in the amniotic fluid but this
is of fetal origin, i.e., not transferred from the yolk sac (Renfree and McLaren 1974).
Thus in at least these species, there is a gradient from the maternal side to the fetal
side of the conceptus, and the presence of metabolites and nutrients is the result of
active transfer, not just simple diffusion, which is clearly tightly regulated.

Structural differences between placentas of different marsupial species are
reflected in different modes and pathways of embryonic nourishment. The yolk
sac placenta in most marsupials is not generally invasive but in the gray short-
tailed opossum Monodelphis domestica the vascular yolk sac placenta becomes
invasive over the last day of the 13.5 days pregnancy (Table 1; Freyer et al. 2007).
The nonvascular part of the yolk sac is noninvasive. In the gray short-tailed
opossum, there are three main phases of embryonic nourishment. The embryo is
nourished by yolk sac fluid that is complemented by uterine secretion during the first
phase. Uterine secretion declines during the second phase, as does the protein
concentration of secretions, and the embryo relies on the nutrients stored in the
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Fig. 2 Placental membranes of a near term tammar wallaby fetus. Left panel: because the placenta
does not attach, the fetus and membranes roll free when the uterus is opened. Right panel: a
diagrammatic representation of the fetus and membranes in utero. The vascular yolk sac covers
about half of the exchange area and is closely apposed to the uterine luminal epithelium with its
well-developed subepithelial capillary bed. The placenta is an active endocrine organ and expresses
a number of hormones and growth factors and a suite of imprinted genes with and without identified
differentially methylated regions (DMR)

Table 1 Summary of the types of placentas and their degree of invasion in each marsupial group

Placenta configuration Group/species
Type I No allantochorion Didelphidae
Phalangeridae
Macropodidae
Acrobatidae
Type II Temporary allantochorion Dasyurus viverrinus
Allantochorion degenerates
Type III Allantochorion without villi Phascolarctos cinereus
Noninvasive, no fusion Vombatus ursinus
Type IV Allantochorion (placenta) Peramelidae
Villi, fusion
Marsupial allantochorion:
No mesodermal villi
No replacement of yolk sac placenta
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Fig. 3 Through early pregnancy, at somite stages, the conceptus is separated from the uterine
epithelium by an acellular shell coat. This breaks down on day 17-18 allowing direct apposition of
the yolk sac with the uterine luminal epithelium. (a) An 11-somite embryo before shell coat rupture;
(b) a 13-somite embryo “hatching” from the shell coat after being removed from the uterus; (c¢) the
hatched 13 somite embryo with the vascular area indicated by a dashed yellow line

yolk sac fluid until shell coat rupture. There is apparently a concomitant decrease in
uterine secretion at this time, and a shift to hemotrophic nutrition (Freyer et al. 2007).

In contrast, the Australian tammar wallaby has an entirely noninvasive yolk sac
(Freyer et al. 2002). The shell coat surrounds every marsupial conceptus for about
70-80% of the gestation length and prevents direct contact with the uterine wall until
its intrauterine rupture. The shell expands considerably during this time, and its total
area increases from ~0.001 m> to >0.250 mm® by day 18 of the 26-day pregnancy in
the tammar (Shaw 1996). Between the formation of the blastocyst and the loss of the
shell coat, the vesicle expands due to the uptake of uterine secretions and the embryo
differentiates to 12—17 somite stage before “hatching” from the shell coat to make a
more intimate apposition to the uterine endometrium at around day 17-18 after
diapause (Denker and Tyndale-Biscoe 1986; Menzies et al. 2011; Tyndale-Biscoe
and Renfree 1987) (Fig. 3).

In eutherian mammals with invasive placentas, nutrients to the embryo are mainly
provided directly from the maternal blood supply. In contrast, in the tammar and
opossum, glandular secretion that is complemented by blood components is the main
source of nutrients after shell coat rupture up to birth (Freyer et al. 2007; Renfree
1973c¢). In tammars, the endometrium remains highly secretory to the last days of
gestation (Renfree 1973c; Renfree and Tyndale-Biscoe 1973a). The extended secre-
tory phase of the uterus appears to be a derived feature of kangaroo-like marsupials
(Freyer et al. 2003).

As in humans and other mammals, multiple conceptuses can occur in normally
monovular species, where more than one ovulation can occur or when the conceptus
tissue fails to separate as occurs in conjoined twins (Fig. 4). In the monovular
tammar, we have recorded many instances of twins as well as of twin or triplet
embryos that failed to separate fully (see Fig. 4). In those with advanced twin fetuses,
the yolk sacs are closely attached to each other in the vascular region. In one twin
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Fig.4 Twin and triplet tammar embryos. (a, b) Conjoined twins sharing the same vascular yolk sac
area. (¢) Embryonic vesicle with 3 somite stage embryos with separate vascular yolk sac areas. (d)
Near term uterus opened to show twin fetuses with separate placentas but fused at the vascular yolk
sac: presumably fraternal twins

wombat example, the vascular yolk sacs have fused to form a common yolk sac
cavity (Freyer 2003). Yolk sac fusion is an ancestral character in marsupial stem
species and occurs in the American opossums and in the Australian dunnarts but in
those species the fusion occurs only between the nonvascular regions (Freyer et al.
2003) so it appears that macropodids and vombatids differ from the didelphids and
dasyurids in this.

The entire yolk sac of the common wombat (Hughes and Green 1998) and the
hairy-nosed wombat is noninvasive (Freyer 2003). In the related koala, the enlarged
trophectodermal cells of the nonvascular yolk sac fetal cells were thought to
penetrate the uterine epithelium (Hughes 1974) but there is no clear evidence for
this in either wombats or koalas (Freyer et al. 2003; Hughes and Green 1998). There
is also a well-vascularised allantochorion in these species, but it is noninvasive and
never erodes the endometrial epithelium (Table 1).

In the bandicoot family, Peramelidae, a functional chorioallantoic placentation
develops in addition to the yolk sac placenta (Table 1; Flynn 1923; Hill 1897, 1900).
Chorioallantoic fusion is accompanied by a disappearance of the trophoblast layer in
late gestation. It is thought that the trophoblast fuses with maternal homokaryons to
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create maternal—fetal heterokaryons, only at this site (Padykula and Taylor 1976,
1982), as originally suggested by Flynn (1923). Since bandicoots have an ultra-short
pregnancy, it is possible that only the initial phases of implantation occur, i.e., cell
attachment and cell fusion. The bandicoot placental heterokaryons may represent the
survival of an early stage in the evolution of the mammalian chorioallantoic
placenta.

3 Endometrial Changes During Pregnancy

There are a number of endometrial genes involved in late pregnancy and parturition
that are shared across widely divergent viviparous lineages including mammals,
reptiles, and fish. For example, four conserved genes have functions in parturition
(GPER]I), tissue remodelling (A2M), cellular adhesion (DSG?2), and placentation
(Syncytin), respectively. These genes appear to be ancient conserved genes with an
important reproductive function. Syncytins are a class of retroviral genes in euthe-
rian mammals that have a role in placentation. Marsupials also have a SYNCYTIN
gene of retroviral origin (Cornelis et al. 2015). There is no evidence of syncytium
formation in the tammar but the occurrence of a syncytium in the opossum appears to
be linked to an exaptation of the fusogenic syncytin-Opol. While there is a con-
served retroviral envelope gene in all marsupials (including the opossum and the
tammar wallaby), there is only limited expression in the placenta. It would be
interesting to examine the bandicoot term placenta in which fetal and maternal
nuclei are found within the same cell (Padykula and Taylor 1976; see above).

In the tammar, the endometrium becomes increasingly secretory from the time of
reactivation of the diapausing blastocyst in the tammar, reaching a peak of secretory
activity in late gestation. Diapause is regulated by these secretions and has been
extensively reviewed recently so will not be presented again here (Fenelon et al.
2017; Lefevre et al. 2011; Murphy and Fenelon 2020; Murphy et al. 2000; Renfree
and Fenelon 2017; Renfree and Shaw 2000). Interestingly, the molecular factors that
control diapause in the mouse, mink, and tammar are remarkably conserved (Cha
et al. 2013, 2020; Fenelon and Murphy 2019). Similarly, the changes in the cellular
remodeling of the luminal epithelium is conserved during early pregnancy between
the dunnart and species with an invasive placenta such as the rat (Dudley et al. 2015,
2017; Laird et al. 2014). In early gestation, protein concentrations in uterine fluid rise
dramatically as the embryo reactivates from diapause, including a suite of 128 pro-
teins identified specifically as secretory class, presumably providing histotrophic
resources for the embryo (Martin et al. 2016).

While a great deal of attention has been given to endometrial changes during early
pregnancy and the reactivation from embryonic diapause in several of the mamma-
lian diapausing species, there has been relatively little attention to those observed in
later pregnancy. The functions of the placenta largely depend on the corresponding
changes in the uterine endometrium. In the dunnart, the placenta invades on the side
of the bilaminar yolk sac (Roberts and Breed 1994). In the tammar and the brushtail
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possum, during endometrial attachment, there is no invasion but there is still similar
remodeling of the uterine epithelium since the secretion of the key basal anchoring
molecule, Talin, moves to the base of the uterine epithelium as it occurs in eutherians
(Laird et al. 2017a) but there are differences between the possum and the tammar
(Laird et al. 2017b). Another protein, desmoglein-2, maintains lateral cell adhesion
in the uterine epithelium and is redistributed before invasive implantation in euthe-
rians and is similarly redistributed on the tammar and possum (Laird et al. 2018). By
late gestation, the uterine secretome is rich in growth factors and related proteins
including IGF2, insulin-like growth factor binding proteins 1, 2, 3, 4, 5, 6, 7, TGFp,
and GDF15 (Martin et al. 2016). At day 24, 2 days before birth, the matrix
metalloproteinase MMP2 is also high (Martin et al. 2016), perhaps involved in
tissue remodeling or in modulating growth factor action.

4 Maternal Recognition of Pregnancy, Placental
Endocrinology, and the Inflammatory Response

Despite the lack of invasion, in the tammar, there is a maternal recognition of
pregnancy (Kojima et al. 1993; Renfree 1972, 1973c; Renfree and Blanden 2000).
The gravid endometrium becomes more secretory than the non-gravid endometrium,
and it is not due to the proximity to the corpus luteum, since blastocyst transfer to the
contralateral uterus results in a similar proliferation of the endometrium (Renfree
1972; Renfree and Blanden 2000). It is likely an effect of the trophoblast since
non-embryonated vesicles also induce a stimulatory endometrium (Renfree and
Tyndale-Biscoe 1973b). This fetal effect is most noticeable in mid-pregnancy in
the tammar and is also reflected in the composition of the uterine secretions (Renfree
1973c). The specific uterine proteins and growth factors such as PAF reflect these
unilateral responses (Kojima et al. 1993; Renfree 1973c). A similar maternal recog-
nition of pregnancy appears to be widespread in the kangaroo and wallaby family,
the Macropodidae (Shaw and Rose 1979; Walker and Hughes 1981; Wallace 1981;
reviewed in Renfree 2000), and was noted in the historic papers by Owen (1834) and
Flynn (1930), although they did not realize that this might be due to the yolk sac
placenta. There are also histological differences between the gravid and non-gravid
uteri in the dunnart (Cruz and Selwood 1997). In a preliminary study of the tammar
placenta, bioassayable chorionic gonadotrophin was detected, (MB Renfree and
L. Wide, unpublished results) but this was never investigated further. There are a
number of protein hormones including luteinizing hormone B (LH () genes
expressed by the yolk sac placenta, as well as GH, GH-R, IGF-2, PRL (Menzies
et al. 2011), IGF2 (Ager et al. 2008b), and relaxin (Parry et al. 1997). Curiously,
steroid hormone production is very low in the yolk sac unlike placental production in
other (eutherian) mammals (Heap et al. 1980; Renfree and Heap 1977). The con-
trolling factors therefore could be the result of hormone secretion by the trophoblast,
although it remains possible that uterine stretching could also play a role (Shaw
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1983; Young and Renfree 1979). Using a transcriptomic approach, maternal recog-
nition of pregnancy is now known to occur in the (polyovular) gray opossum
(Griffith et al. 2019) in which there are differences between endometrial genes of
the gravid uteri compared to that of the estrous cycling endometrium. The endome-
trial glands of late pregnancy appear to be more secretory than those at the same
stage of the estrous cycle. At mid-cycle, the gene expression is not different from that
at mid-pregnancy but is markedly different in late pregnancy (Griffith et al. 2019).
There are differences in transporter expression between pregnancy and the estrous
cycle. Collectively, these changes correlate with morphological differences consis-
tent with an “endometrial” recognition of pregnancy. These changes will be
discussed further below.

While there have been several studies of the MHC class I and II genes in the
tammar (Cheng et al. 2009; Siddle et al. 2009), the MHC complex at the maternal—
fetal interface in marsupials has only been examined in the tammar wallaby
(Buentjen et al. 2015). In the tammar, MHC 1 genes have undergone duplication,
translocation, and diversification in the genome and are located across seven auto-
somes (Renfree et al. 2011; Siddle et al. 2010). Classical MHC 1 genes are expressed
in the yolk sac placenta as well as in the fetus and the endometrium (Buentjen et al.
2015). The classical sequences in the placenta are most similar to eutherian UC and
UA genes, and there are three nonclassical MHC 1 genes (UD, UK, and UM). It is
likely that these complexes evolved in the ancestral therian placenta are necessary
for modulating the maternal immune response (Buentjen et al. 2015).

More recently, examination of the gene expression during pregnancy in the
opossum suggests that the brief inflammatory attachment of the placenta to the
endometrium results in parturition shortly after (Chavan et al. 2018; Griffith et al.
2017, 2019). In the opossum, at full term, this response is characterized by an
inflammatory response at the maternal—fetal interface consistent with implantation
in humans and mice (Griffith et al. 2017). It is also correlated with loss of the shell
coat (which is a maternally derived structure). Heparin-binding EGF-like growth
factor and Mucin 1 are observed during implantation in eutherians and, after shell
coat loss, are also detected in opossum endometrium. The interleukins as inflamma-
tory markers also appear to be especially important in this process (Griffith et al.
2017, 2019). The conserved set of inflammatory markers and immune signaling
pathways highlights critical steps taken in the evolution of viviparity in the therian
ancestor. The opossum is a basal marsupial species with an ultra-short gestation, but
in the macropodids gestation has been extended to occupy the length of the estrous
cycle (see Fig. 2) and endocrinologically has a very similar regulation of parturition
to that of the sheep (Shaw and Renfree 2001; Young et al. 2011). From what we
know of pregnancy and parturition in the tammar, it is likely that kangaroos and
wallabies have at least some of the features of the eutherian inflammatory responses
and that such responses are not restricted to precipitating an early parturition in all
marsupials.
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4.1 Transcriptomics
Endometrium

It appears that endometrial genes involved in late pregnancy and parturition are
shared across widely divergent viviparous lineages including mammals, reptiles, and
fish (Whittington et al. 2015; C Whittington, C Murphy, B McAllan, M Thompson,
unpublished data). Transcriptomic analysis of early pregnancy in the dunnart
Sminthopsis crassicaudata identified a large number of differentially expressed
genes (Whittington et al. 2018). About 25% of the top expressed 50 genes that are
differentially expressed in early pregnancy are those involved in histotrophic nutri-
tion before there is close attachment of the placenta to the endometrium around day
10 of pregnancy. The steroid biosynthesis genes CYP27A1, HSD3B7, HSDB17B7,
AKRIDA are also in the top 50 differentially upregulated genes. Immune function
genes make up 18% of the top 50 downregulated genes, suggesting immunosup-
pression does occur even before shell coat loss (Whittington et al. 2018). Con-
versely, a number of immune genes are upregulated (14% in the top 50). Clearly, we
have much to still understand about marsupial pregnancy and placentation and the
genes and hormones that control it.

Vascular and Avascular Yolk Sac Transcriptome

We have begun next-generation transcriptome sequencing of the endometrium,
embryonic, and extraembryonic tissues of the tammar wallaby (SR Frankenberg
and MB Renfree, unpublished results). These include yolk sac placentas that were
separated into avascular bilaminar omphalopleure (BOM) and the vascular
trilaminar omphalopleure (TOM) parts at two different developmental stages: day
18 and day 24 of the 26.5-day pregnancy (Fig. 5). These preliminary sequence data
have allowed us to identify some genes that are differentially expressed between the
BOM and TOM and so are likely to have important roles specific to those regions.
We have begun analysis of our data by comparing the four yolk sac transcriptomes
with embryo transcriptomes, allowing identification of genes whose expression is
specific to the yolk sac as a whole (Renfree and Frankenberg unpublished data).
Although we need more replicates for statistical significance, these preliminary
single analyses revealed an enrichment of genes matching gene ontology
(GO) terms associated with expected yolk sac functions. Accordingly, GO terms
in TOM-specific genes were associated with hematopoiesis and vasculogenesis,
while BOM-specific genes were associated with ion transport and water balance
(Fig. 4). We also compared the proximal and distal regions of the extraembryonic
part of a much earlier day 13 RPY conceptus. These regions later develop into TOM
and BOM, respectively. Intriguingly, we found that distal-specific genes at day
13 RPY already show enrichment for ion transport and water balance GO terms,
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Fig. 5 Differential expression of genes comparing distal vs proximal extraembryonic region (top
panel; dashed line indicates where the two areas were separated by microdissection) and bilaminar
yolk sac (BOM) vs trilaminar yolk sac (TOM). The top ten gene ontology (GO) terms from 1000

distal specific (top) or BOM specific (bottom) are listed

showing that emergence of BOM-specific gene expression occurs well before overt

morphological differentiation of the yolk sac.
Some 115 genes with expression levels of FPKM >10 are identified from the core

term placental transcriptomes of 13 eutherian species that are critical for placental
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function include vesicular transport, immune regulation, cell fusion and membrane
repair, and invasion and may also be associated with the shape of the placenta
(Armstrong et al. 2017). Of these, there are 95 genes in the gray short-tailed
opossum, Monodelphis domestica, showing that the functions of the marsupial
placenta have largely been evolutionarily conserved.

All placenta-specific genes are not expressed in all types of placenta and there are
relatively few of them (Carter 2018). Another transcriptomic approach reinforces
this view (Guernsey et al. 2017). In the placenta of the tammar wallaby, there are
differences in gene expression between the trophoblast and endoderm, including a
small number of genes of the Igf signaling pathways, for nutrient transfer, placental
cytokeratins, Wnt7b, Stra8, PTN, and Gjb3, and the trophoblast marker GCM1, a
transcription factor that is important in the formation and development of the
placenta. Unexpectedly, there were also markers of eutherian decidua Cepbp and
Vim despite marsupials lack decidualisation. More surprising, however, was the
observation that mouse and wallaby not only shared similar patterns of gene
expression in the placenta but also a number of genes expressed in the mammary
glands in the tammar that are known to be functionally important in the placenta in
eutherians including a high expression of GCM1 in the mammary gland alveoli and
Gata3 (Guernsey et al. 2017). Marsupials have truly “traded the umbilical cord for
the teat” (Renfree 1983).

5 Genomic Imprinting and Evolution of Viviparity

As in eutherian mammals, there is genomic imprinting that appears to be important for
placental function since most are imprinted in the placenta. Thus far fewer imprinted
genes have been identified in marsupials than in eutherians. The acquisition of
noncoding regions (novel CpG islands) appears to have accompanied the evolution
of the mammalian genomic imprinting important for regulating fetal and placental
growth and viviparity (Suzuki et al. 2011). Of the 18 or so genes that are imprinted in
eutherians that have been tested in marsupials, only 8 are imprinted and of these only
3 have a differentially methylated region (DMR): PEG10 (paternally expressed) and
HI9 and IGF2R, paternally methylated/maternally expressed. IGF2, PEGI/MEST,
and INS have no DMRs. All of these are expressed in the marsupial placenta.

The first marsupial imprinted gene discovered was IGF2R in the gray opossum
(O’Neill et al. 2000) but there was no obvious imprinting control region, the DMR,
until an extensive search for allele-specific methylated CpG islands (Lawton et al.
2008). However, the honor of the first marsupial imprinted gene with a DMR went to
a retrotransposon-derived imprinted gene (PEG0) that is essential for placentation
in eutherian mammals and assumed also to be essential for marsupial placentation
(Renfree et al. 2011; Suzuki et al. 2007), (Fig. 6). PEGI10 is a retrotransposon-
derived imprinted gene controlled by a DMR that was inserted into the genome of
the therian ancestor. However, in eutherians, the methylation of the gene extends
across to an adjacent gene, SCGE, whereas in marsupials, the imprinting is restricted
to just the PEGIO region. Silencing of exogenous DNA (for example, a
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Fig. 6 Imprinting of the placental gene PEG10 and the time of the insertion of the retrotransposon
PEGI10 in therian mammals. The short boxes indicate the adjacent gene SGCE (that is not imprinted
in marsupials) and the long boxes represent the PEGI0 region. The black lollipops indicate DNA
methylation of CpG sites, and the gray boxes represent the silent state of transcription. (Adapted
from Suzuki et al. (2007))

retrotransposon) can therefore clearly drive the evolution of genomic imprinting
(Suzuki et al. 2007, 2018).

IGF2/IGF2 is a critical gene and growth factor in the placenta of both marsupial
and eutherian mammals and is one of the best known imprinted genes (Renfree et al.
2009). The IGF2-H19 imprinted regions are conserved in both groups (Smits et al.
2008; Suzuki et al. 2005) but the long noncoding RNA Airn in intron 2 of IGF2R that
controls the domain is absent in marsupials. Instead, we have found a novel IncRNA,
ALID, in intron 12 that may perform a similar function (Suzuki et al. 2018).

Insulin INS is normally expressed in the yolk sac of both eutherians and marsu-
pials (Ager et al. 2008b; Stringer et al. 2012a, b) but uniquely in marsupials INS is
imprinted in the maternal liver and the mammary gland. Tammar /GF2 is imprinted
in the placenta, in the pouch young liver (but not adult liver), in the pouch young
brain, and possibly in adult hypothalamus and mammary gland (Stringer et al. 2014)
(Fig. 7).

These results show that genomic imprinting is not only important in growth
regulation by the placenta but also for the survival of the young after birth, again
suggesting an evolutionary the continuum between placentation and lactation in
marsupials.

6 Conclusions

The relatively short-lived placenta of marsupials has functions similar to the phases
of early placentation relying on the yolk sac as all other mammals. Where marsupials
have diverged from other therian mammals is the choice of their reproductive
strategy to deliver an altricial young that then transfers its dependency to postnatal
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IGF2
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Fig. 7 Immunocytochemical detection of IGF2 (a, b), IGF2R (c, d), and INS (e, f) in the tammar
BOM (a, ¢, e) and TOM (b, d, f). endo endometrium, en endoderm, #r trophoblast giant cells, vv
vitelline vessels. (Data from Ager et al. (2007, 2008a) and Renfree et al. (2008))

stages, supported by the most sophisticated lactational physiology amongst all
mammals. Marsupial milk does act as a de-facto placenta, in that the mammary
gland produces an ever-changing milk supply, tailored precisely to the needs of the
developing young, much as the placenta does in eutherian mammals. The delivery of
a tiny young did not require major anatomical adaptations to the birth canal, and
while the energetic “cost” of lactation is no doubt equivalent to the cost of a lengthy
gestation, it probably has many advantages. This is simply an alternative
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reproductive strategy—marsupials are placental mammals but they are also lacta-
tional champions.
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Abstract Pregnancy in pigs includes the events of conceptus (embryo/fetus and
placental membranes) elongation, implantation, and placentation. Placentation in
pigs is defined microscopically as epitheliochorial and macroscopically as diffuse. In
general, placentation can be defined as the juxtapositioning of the endometrial/
uterine microvasculature to the chorioallantoic/placental microvasculature to facili-
tate the transport of nutrients from the mother to the fetus to support fetal develop-
ment and growth. Establishment of epitheliochorial placentation in the pig is
achieved by: (1) the secretions of uterine glands prior to conceptus attachment to
the uterus; (2) the development of extensive folding of the uterine—placental inter-
face to maximize the surface area for movement of nutrients across this surface;
(3) increased angiogenesis of the vasculature that delivers both uterine and placental
blood and, with it, nutrients to this interface; (4) the minimization of connective
tissue that lies between these blood vessels and the uterine and placental epithelia;
(5) interdigitation of microvilli between the uterine and placental epithelia; and
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(6) the secretions of the uterine glands, called histotroph, that accumulate in areolae
for transport though the placenta to the fetus. Placentation in pigs is not achieved by
invasive growth of the placenta into the uterus. In this chapter, we summarize current
knowledge about the major events that occur during the early stages of implantation
and placentation in the pig. We will focus on the microanatomy of porcine placen-
tation that builds off the excellent histological work of Amoroso and others and
provide a brief review of some of the key physiological, cellular, and molecular
events that accompany the development of “implantation” in pigs.

Keywords Pig/Porcine - Pregnancy - Conceptus - Uterus - Implantation -
Placentation

1 Introduction: Basic Definition for Epitheliochorial
Placentation

Placentation is epitheliochorial in pigs, as uterine endometrial luminal epithelium
(LE) remains intact throughout pregnancy. Porcine placental trophectoderm/chorion
cells directly attach to the uterine LE, and these two epithelia serve as the conduit for
maternal hemotrophic support for conceptus growth and development (Bjorkmann
1973). Amoroso stated that “In its histological structure the epitheliochorial placenta
is exceeding simple. . . .with the pig as exhibiting structurally the simplest type of
placenta” (Amoroso 1952). Epitheliochorial placentation is less intimate than other
types of placentation because both the uterine LE and the chorionic epithelium
remain intact. The result is a significant barrier to the transfer of nutrients from the
uterine vasculature to the placental vasculature. A nutrient in a subepithelial uterine
capillary must pass through the cytoplasm and basement membrane of the endothe-
lial cell of the uterine capillary. It must then pass across the remaining stromal
connective tissue. The nutrient then must pass through the basement membrane and
cytoplasm of the uterine LE cell, through the cytoplasm and basement membrane of
the chorionic epithelial cell, across the remaining allantoic connective tissue, and
through the basement membrane and cytoplasm of the endothelial cell of the
allantois (see Fig. 1). Although simplistic in microscopic structure, epitheliochorial
placentation and the macroscopic classification of “diffuse” characteristic of pigs are
not primitive and have evolved from a more invasive placental type, hemochorial/
endotheliochorial, and discoid (Wildeman et al. 2006). Indeed, although it could be
inferred that the noninvasive types of placentation are the least efficient because
there are more physical barriers to limit the movement of nutrients from mother to
fetus, the newborn pig is relatively mature compared to the newborn of a mouse or
human. Epitheliochorial placentation has arisen evolutionarily in three distinct
mammalian lineages and is present in pigs, horses/donkeys, camels, some whales
and primates, and in multiple other species across different genera (Amoroso 1952;
Wildeman et al. 2006).
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Fig. 1 Epitheliochorial placentation in the pig. (a) The upper panel is a cartoon depiction of
porcine placentation at lower magnification, and the lower panel represents an H&E-stained thin
section depicting porcine placentation on day 20 of gestation. (b) The upper panel is a cartoon
depiction of porcine placentation at higher magnification, and the lower panel is a thin section
depicting immunofluorescence-staining for epithelial cadherin (red color, width of field is 230 pm)
and platelet endothelial cell adhesion molecule (green color). (Panels a and b are original drawings
by Gregory A. Johnson. Panel a is adapted with permission from Bazer FW, Kim J, Song G, Ka H,
Wu G, Johnson GA, and Vallet JL. 2013. Roles of selected nutrients in development of the porcine
conceptus during pregnancy. In: Control of Pig Reproduction IX. A. Rodriquez-Martinez,
N.M. Soede and W.L. Flowers Eds., Context Products Ltd., British Library Cataloguing in
Publication Data, Leicestershire, United Kingdom, pp. 159-174)

2 Uterine Histoarchitecture and Early Conceptus
Development

The pig uterine wall differentiates embryologically from the Mullerian ducts into the
endometrial and myometrial compartments (Mossman 1937). The myometrium is
composed primarily of smooth muscle cells and vascular elements, and bundles of
smooth muscle fibers are organized into inner circular and outer longitudinal layers.
In contrast, the endometrium is a complex epitheliomesenchymal organ consisting of
a simple columnar LE that overlays a thick lamina propria subdivided into upper
stratum compactum and lower stratum spongiosum regions composed of stromal
cells, immune cells, and vasculature. Invaginating downward from the LE are long
branched and coiled tubular glands that traverse the lamina propria and are referred
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to as the glandular epithelium (GE) (Cooke et al. 1998) (see Fig. 2a). These various
cell types communicate in an autocrine, paracrine and/or, endocrine manner to
coordinate responses to hormones and cytokines (Geisert et al. 1982a). Examples
of these complex responses include increasing uterine blood flow (Ford et al. 1982),
facilitating water and electrolyte movement (Veldius et al. 1980), maternal recogni-
tion of pregnancy (Bazer and Thatcher 1977), receptivity to conceptus attachment
for implantation (Keys and King 1980; Burghardt et al. 1997), and uterine secretory
activity (Bazer 1975).

By 26 h after fertilization within the oviduct, the one-cell porcine ovum/zygote
cleaves to form a two-cell embryo that, 22-30 h later, enters the uterus at the 4- to
8-cell stage. The blastocyst forms when early embryonic cells differentiate into the
embryonic disc, trophectoderm, and extraembryonic endoderm. The blastocoel
forms and there is continued development to a conceptus (Bazer and Johnson
2014) (Fig. 2b). Conceptuses “hatch” from the zona pellucida and begin to elongate.
At hatching, the conceptuses are 0.5—-1 mm diameter spheres, then increase in size to
2-6 mm by day 10 of pregnancy. They then undergo a morphological transition to
large spheres of 10—15 mm diameter, then to 15 mm by 50 mm tubular forms, and
then to 1 mm by 100-200 mm filamentous forms on day 11 (see Fig. 2b). Pig
conceptuses elongate at 30-45 mm/h during the transition from tubular to filamen-
tous forms, primarily by proliferation, morphological remodeling, and migration of
the trophectoderm and endoderm. However, the subsequent growth and elongation
of the conceptus by day 15 into 800—1000 mm length filaments is supported by the
hyperplasia of trophectoderm cells. An elongation zone of densely packed endoderm
and trophectoderm cells extends from the inner cell mass (ICM) to the tip of the
blastocyst on day 10. Then, through alterations in microfilaments and junctional
complexes of trophectoderm cells and formation of filopodia by endodermal cells,
there is further rapid elongation of the 100-200 mm long conceptus to a conceptus of
800-1000 mm in length by day 16 of pregnancy. Each conceptus within the litter
eventually achieves maximum surface area for contact between the trophectoderm
and uterine LE to facilitate uptake of nutrients from uterine LE and uterine GE, the
numbers of which increase, coincidentally, with elongation of the conceptuses
(Bazer and Johnson 2014) (see Fig. 2c).

3 Select Hormones and Cytokines That Prepare the Uterus
for Placentation

Much is known about the localization of genes and their regulation by hormones
within the uterus and conceptus during implantation and early placentation in pigs
(Johnson et al. 2009; Bazer and Johnson 2014; Waclawik et al. 2017). Progesterone
dominates the uterine environment during the establishment of pregnancy in pigs,
but other factors are required to maintain a successful pregnancy. These include the
secretion of estrogens from the conceptus (Bazer and Thatcher 1977; Geisert et al.
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Fig. 2 (a) The top and bottom right panels show H&E-stained thin sections of the wall of the
porcine uterus. Bottom left panel is a cartoon in which the different tissues and cell types within the
uterus are color coded for identification. (b) Shows a cartoon depicting early development of
porcine conceptuses. The embryos enter the oviduct at bout the eight-cell stage 48-56 h
postfertilization, hatch from the zona pellucida, and increase in size to 10-15 mm disks by day
10, then transform to tubular and filamentous conceptuses by day 11 of gestation. (¢) Top panel
shows a cartoon depicting the trophectoderm cells (red color) of the round blastocyst (left panel)
migrating inward towards the ICM to form the elongation zone (middle panels), then trophectoderm
cells migrate outwards (right panel) to form the filamentous conceptus. Bottom panels show a
uterine flushing from Day 10 of gestation (left panel) containing 22 round blastocysts, and H&E
staining of two pig conceptuses (right panel) from a uterine flushing obtained on Day 15 of
gestation. The cartoon in Panel ¢ is an interpretation of data published by Geisert et al. (1982b).
(Panels b and c¢ are original drawings by Gregory A. Johnson. Panel b is adapted with permission
from Bazer FW, Kim J, Song G, Ka H, Wu G, Johnson GA, and Vallet JL. 2013. Roles of selected
nutrients in development of the porcine conceptus during pregnancy. In: Control of Pig Reproduc-
tion IX. A. Rodriquez-Martinez, N.M. Soede and W.L. Flowers Eds., Context Products Ltd., British
Library Cataloguing in Publication Data, Leicestershire, United Kingdom, pp. 159-174. Panel c is
adapted with permission from Bazer FW, Johnson GA (2014) Pig blastocyst-uterine interactions.
Differentiation 87:52—65. Published on behalf of the International Society of Differentiation by
Elsevier)
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2005; Johnson et al. 2009), secretions from the uterine LE and GE, i.e., histotroph
(Bazer 1975; Johnson et al. 2009), and cellular remodeling at the interface between
the uterine LE and trophectoderm during implantation and early placentation
(Burghardt et al. 2002; Johnson et al. 2014). These complex events are orchestrated
through, among others, five important cell signaling pathways for endocrine and
paracrine communication between the ovary, conceptus, and uterus. These five
hormones and cytokines are progesterone, estrogen, prostaglandins, interleukin-1
beta (IL1B), and the interferons [interferon gamma (IFNG) and interferon delta
(IFND)].

Progesterone is considered to be the hormone of pregnancy, and it profoundly
influences the uterus and placenta throughout pregnancy (Bailey et al. 2010a).
Progesterone binds its nuclear progesterone receptor (PGR) to exert its actions on
tissues. The PGR is encoded by a single gene and has three isoforms (A, B, and C)
that differ in their activities (Wetendorf and DeMayo 2014; Mulac-Jericevic and
Conneely 2004). PRB is expressed in the uterine LE, GE, stromal fibroblasts, and
myometrium through day 7 of the estrous cycle and pregnancy; however, prolonged
exposure to progesterone downregulates PGR in the uterine LE by day 10 and in the
majority of the uterine GE by day 12 of both the estrous cycle and pregnancy. PGR
protein expression in uterine LE returns by day 17 of the estrous cycle, but is not
expressed by the uterine LE between days 25 and 85 of gestation. Expression of
PGR is maintained in the deep GE throughout the estrous cycle and early pregnancy
and continues to decrease, with almost no expression in GE by day 50 of pregnancy.
PGR is, however, expressed in the necks of the uterine GE that empty into the uterine
lumen proximal to areolae, suggesting that these regions of GE are excretory ducts
that are not involved in the synthesis of histotroph, but serve as conduits for the
passage of histotroph into the lumens of areolae. In contrast to the epithelia, PGR
protein expression is maintained in the uterine stroma and myometrium through day
85 of gestation (see Fig. 3a) (Geisert et al. 1994; Sukjumlong et al. 2005; Steinhauser
etal. 2017). One of the major roles of progesterone is to stimulate the production and
secretion of histotroph, a complex mixture of hormones, growth factors, nutrients,
and other substances that are required for growth and development of the conceptus
(Knight et al. 1974; Roberts and Bazer 1988; Bailey et al. 2010b). The consensus is
that the role of progesterone in producing histotroph is mediated via PGR; however,
PGR is not expressed in uterine LE or GE that secrete histotroph during the peri-
implantation period (Geisert et al. 1994; Sukjumlong et al. 2005; Steinhauser et al.
2017). It is clear that progesterone regulation of gene expression in the endometrium
during the peri-implantation period is complex. Induction of genes in uterine GE
may require that progesterone downregulates PGR, thereby eliminating
PGR-dependent inhibition of expression of progesterone-regulated genes. However,
another explanation is that progesterone induces the expression of genes in uterine
via regulation of one or more paracrine-acting factors (progestamedins) produced by
the PGR-positive stromal cells (White et al. 2005).

Pig conceptuses secrete estrogens on days 11 and 12 of gestation, and the
consensus since 1977 has been that pregnancy recognition in the pig is the result
of secretion of estrogens by conceptuses. Evidence to support this idea includes:
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Fig. 3 (a) Progesterone (P4) downregulates progesterone receptor (PGR) in the uterine epithelia,
but maintains expression in the necks of uterine glands. Immunohistochemistry for PGR in the
endometrium of cyclic (left two panels) and pregnant (right two panels) pigs. (b) Conceptus
estrogens (E2) induce osteopontin (OPN) in the uterine luminal epithelium (LE), during the peri-
implantation period of pregnancy. Top panels show corresponding brightfield and darkfield images
of in situ hybridization from a day 15 pregnant uterus probed with OPN cRNA. Middle panel shows
in situ hybridization analysis of OPN mRNA in autoradiographic images (Biomax-MR; Kodak)
showing an entire cross-section of the uterine wall from day 15 of pregnancy. Bottom panel shows
immunofluorescence staining for OPN in the uterine LE on day 24 of pregnancy. (c) Interferon
gamma (IFNG) upregulates the interferon-responsive gene (ISG) signal transducer and activator of
transcription one (STAT1) in the uterine stroma (ST) and glandular epithelium (GE). Left panels
show corresponding brightfield and darkfield images of in situ hybridization from day 15 and day
20 pregnant uteri probed with IFNG cRNA, and immunofluorescence staining for IFNG in the
conceptus trophectoderm on day 15 of pregnancy. Right panels show in situ hybridization analysis
of IFNG and STATI mRNAs in autoradiographic images (Biomax-MR; Kodak) showing entire
serial cross-sections of the uterine wall from day 15 of pregnancy. The luminal epithelium of tissue
probed for JFNG mRNA has been outlined in red for histological reference. Corresponding
brightfield and darkfield images from the same uterus probed with /FNG and STAT! cRNAs are
also shown. Width of each field of autoradiographic images is 20 mm. Width of each field of
brightfield and darkfield images is 940 pm. Width of each field of immunohistochemistry is 890 pm.
(Panel a is adapted with permission from Steinhauser CB, Bazer FB, Burghardt RC, and Johnson
GA (2017) Expression of Progesterone Receptor in the Porcine Uterus and Placenta throughout
Gestation: Correlation with Expression of Uteroferrin and Osteopontin. Domestic Anim Endocrinol
58:1-11. Published by Elsevier. Panel b is adapted with permission from White FJ, Ross JW, Joyce
MM, Geisert RD, Burghardt RC, Johnson GA (2005) Steroid regulation of cell specific secreted
phosphoprotein 1 (osteopontin) expression in the pregnant porcine uterus. Biol Reprod



68 G. A. Johnson et al.

(1) the uterine endometrium secretes PGF during both the estrous cycle and preg-
nancy; (2) pig conceptuses secrete estrogens which appear to be antiluteolytic;
(3) PGF is secreted toward the uterine vasculature in an endocrine manner in cyclic
gilts to induce luteolysis; and (4) in pregnant gilts PGF is into the uterine lumen in an
exocrine manner where it is sequestered from the corpora lutea (CL) and/or metab-
olized to prevent luteolysis (Bazer and Thatcher 1977). It should be noted that
prostaglandin E2 (PGE2), as well as lysophosphatic acid (LPA), are also proposed
to have roles in pregnancy recognition signaling. Expression of PGE2 synthase by
the trophectoderm and the endometrium decreases the production of PGF in favor of
PGE2, and this supports maintenance of CL (Ziecik et al. 2008; Waclawik et al.
2017). However, when estrogen synthesis by the conceptus was ablated by targeting
the aromatase (CYP19A1) gene utilizing CRISPR/Cas9 genome editing technology,
estrogen was observed to not be essential for preimplantation conceptus develop-
ment, conceptus elongation, or early CL maintenance. Estrogen was essential for
maintenance of pregnancy beyond 30 days and its ablation disrupted a number of
biological pathways (Meyer et al. 2019). Conceptus estrogens also modulate uterine
gene expression (Geisert et al. 1982c; Johnson et al. 2009; Waclawik et al. 2017).
The importance of estrogen to porcine pregnancy is underscored by the fact that
exposure of the pregnant uterus to estrogen on days 9 and 10, prior to when pig
conceptuses normally secrete estrogens, results in degeneration of all pig concep-
tuses by day 15 (Ross et al. 2007). Figure 3b illustrates that the timing of estrogen
secretion by the conceptus correlates with the induction of osteopontin [OPN, also
known as secreted phosphoprotein 1 (SPP1)] expression in the uterine LE, and
administration of exogenous estradiol to ovariectomized pigs induces OPN in the
uterine LE (White et al. 2005). The upregulation of OPN within uterine LE in close
proximity to the implanting conceptus implies paracrine regulation of genes by
conceptus estrogens. It is likely that effects of estrogen on the uterus are restricted
to regions near the conceptus due to the metabolic activity of trophectoderm. The
endometrium of pigs can convert estradiol to estrone and then converts estrone to
estrone sulfate, which is biologically inactive and present in high concentrations
within the uterine lumen of pregnant pigs (Flood 1974). In contrast, the
trophectoderm has sulfatase that can restore the biological activity of estrogen,
allowing for estrogen to upregulate genes such as OPN in the LE immediately
juxtaposed to the implanting conceptus. To date, only a limited number of
estrogen-stimulated genes have been localized in the pig endometrium (reviewed
in Johnson et al. 2009), but the number increases each year.

Fig. 3 (continued) 73:1294-1301. Published on behalf of the Society for the Study of Reproduction
by Oxford University Press. Panel ¢ is adapted with permission from Joyce MM, Burghardt RC,
Geisert RD, Burghardt JR, Hooper RN, Ross JW, Ashworth MD, Johnson GA (2007) Pig
conceptuses secrete estrogen and interferons to differentially regulate uterine STAT1 in a temporal
and cell type-specific manner. Endocrinology 148: 4420—4431. Published on behalf of the Endo-
crine Society by Oxford University Press)
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In addition to the important role in maintaining the lifespan of the CL, prosta-
glandins function as autocrine and paracrine regulators of conceptus development
and endometrial functions during the peri-implantation period in pigs. Pig concep-
tuses and endometrium actively secrete PGE2 and PGF (Geisert et al. 1982a; Guthrie
and Lewis 1986) and express their receptors (Waclawik et al. 2017). PGF, acting
through its receptor (PTGFR), induces endometrial expression of vascular endothe-
lial growth factor-A (VEGFA), biglycan, matrix metalloprotease 9 (MMP9), IL1A,
and transforming growth factor B3 (TGFB3), suggesting that PGF is involved in
angiogenesis and tissue remodeling during early pregnancy (Kaczynski et al. 2016).
Elevated quantities of PGE2 in the uterine lumen during the peri-implantation period
stimulate conceptus PTGER?2 expression, which increases the synthesis and secre-
tion of estrogen and enhances integrin-dependent trophoblast adhesion via an estro-
gen receptor-dependent mechanism and MEK/MAPK signaling (Waclawik et al.
2017). Several studies have proposed that PGE?2 is involved in maternal recognition
of pregnancy in the pig (Christenson et al. 1994; Ford and Christenson 1991;
Gregoraszczuk and Michas 1999). Intrauterine infusion of PGE2 into cyclic gilts
from days 7 to 23 delays CL regression and extends the length of the estrous cycle
(Akinlosotu et al. 1986). PGE2, produced by the conceptuses and endometrium, can
be directly luteoprotective due to an increase in the PGE2/PGF ratio. The conceptus
produces about twice as much PGE2 as PGF to successfully protect luteal cells from
regression (Gregoraszczuk and Michas 1999). Indeed, Meyer et al. (2019) demon-
strated that PGE can protect the CL through day 24 in the absence of conceptus
estrogen synthesis. However, when CRISPR/Cas9 gene editing was used to knock
out prostaglandin-endoperoxide synthase 2 (PTGS2) during the period of conceptus
elongation in pigs, the conceptuses elongated and pregnancy was maintained
through day 35 of gestation (Pfeiffer et al. 2020). It is possible that conceptus
production of estrogen and IL1B may compensate for the lack of PTGS2-derived
prostaglandins as estrogen and IL1B2 increase endometrial PTGS2 expression and
production of PGE2 (Waclawik et al. 2009a, b; Franczak et al. 2010).

As porcine conceptuses elongate and begin to secrete estrogens, they also secret
large amounts of IL1B (Tuo et al. 1996; Ross et al. 2003). There is an initial and
acute rise in IL1B on day 12 of pregnancy followed by a precipitous decline in the
expression and secretion of IL1B by pig conceptuses by days 15—18 of gestation as
the conceptuses become fully elongated filaments. The expression of receptors for
IL1B increases in the uterus and conceptus in tandem with this transient expression
of IL1B by pig conceptuses, between days 12 and 15 of pregnancy (Ross et al.
2003). This suggests that IL1B from the conceptus may bind IL1B receptors on
conceptus and/or uterine tissues to modify interactions between the uterus and
conceptus in an autocrine and/or paracrine fashion. It should be noted that there
are two transcripts for IL1B expressed in the pig trophectoderm, with both genes in
close proximity on chromosome 3 (Mathew et al. 2015). The classical IL1B is
expressed in macrophages and endometrial tissue, but another form of IL1B,
IL1B2, appears to be unique to the elongating pig conceptus and is expressed just
prior to attachment of the conceptus to the uterine LE. The specific roles of
conceptus IL1B in trophoblast elongation and uterine receptivity have not been
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determined, but when CRISPR/Cas9 gene editing was used to knock out IL1B2
during the period of conceptus elongation in pigs, the conceptuses failed to elongate.
The expression of the majority of conceptus developmental genes was not altered in
these conceptuses, but the conceptuses expressed less aromatase and secreted less
estrogen than normal (Whyte et al. 2018).

Antiviral activity in the uterine flushings of pigs peaks on days 14 and 25 of
gestation, and the media from cultured porcine conceptuses exhibits significant
antiviral activity (Mirando et al. 1990). The cause for this phenomenon is that the
trophectoderm of pigs secretes a Type II IFN gamma (IFNG, 75% of antiviral
activity in pig conceptus secretory proteins) and a Type I IFN delta (IFND, 25%
of antiviral activity in pig conceptus secretory proteins) during the peri-implantation
period (La Bonnardiere et al. 1991; Lefevre et al. 1998a). There is a 567-fold
increase in the abundance of IFNG mRNA in porcine conceptuses between days
13 and 20 of gestation, during the transition of conceptuses from spherical to day
14 filamentous forms (Cenci¢ and LaBonnardiére 2002; Joyce et al. 2007a) (see
Fig. 3¢). In contrast, RT-PCR analysis is required to detect [FND mRNA in the day
14 conceptuses of pigs (Joyce et al. 2007a, b). Although IFN tau (IFNT), a Type I
IFN, is the pregnancy recognition signal in ruminants (Spencer et al. 2007a), IFNG
and IFND do not appear to be antiluteolytic in pigs (Harney and Bazer 1989; Lefevre
et al. 1998b). However, paracrine effects for porcine conceptus IFNs are suggested
by: (1) localization of IFN receptors on endometrial epithelial cells (Lefévre et al.
1998b); (2) increased secretion of PGE2 (Harney and Bazer 1989); (3) endometrial
expression of several known IFN-responsive genes (reviewed in Johnson et al.
2009); and (4) modulation of uterine stromal and GE gene expression by the IFNs
in conceptus secretory protein preparations (Joyce et al. 2007a, b, 2008). Figure 3c
illustrates that stromal induction of mRNA for STATI, an IFN responsive gene,
correlates with IFNG and IFND secretion by the conceptus. Indeed, intrauterine
infusion of conceptus secretory proteins, which contain IFNG and IFND, into
pseudopregnant pigs, increased STATI as compared to intrauterine infusion of
control proteins (Joyce et al. 2007a). Upregulation of STAT! within the uterine
stroma and GE in close proximity to the implanting conceptus implies paracrine
regulation of genes by conceptus IFNs. It is somewhat surprising that initial
increases in stromal STAT] are restricted to sites of intimate association between
the conceptus and uterus in pigs because the magnitude of IFNG production by pig
conceptuses appears to be similar to IFNT synthesis and secretion by ovine concep-
tuses (Joyce et al. 2007a). STATI increases universally in the stroma and GE of
pregnant sheep without regard to conceptus location within the lumen, presumably
due to the high levels of secretion of IFNT by conceptuses (Pontzer et al. 1988; Joyce
et al. 2005a). One explanation for the more limited expression of STATI in the pig
uterus is that IFNG and IFND act synergistically to upregulate interferon responsive
genes. Interactions between Type I and Type II IFNs to enhance their activities have
been demonstrated previously (Decker et al. 1989). To date, only a limited number
of IFN responsive genes have been localized in the pig endometrium and specific
roles for these IFN responsive genes remain elusive (reviewed in Johnson et al.
2009).
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4 Attachment of the Conceptus Trophectoderm
to the Uterine LE (Implantation)

In strict terms, porcine conceptuses do not penetrate the uterine LE and invade into
the uterine stroma; therefore, for pigs, the term “implantation” is a misnomer.
Instead, pig conceptuses undergo a central type of implantation. Nevertheless,
elongation and implantation are used to describe the initial stages of placental
development in pigs. Although the duration of the preimplantation period is
prolonged in the pig, and type of implantation differs from many other species, the
initial stages of implantation/placentation are common across species and are char-
acterized as the “Adhesion Cascade for Implantation” (Dantzer 1985; Guillomot
1995; Burghardt et al. 2002). This adhesion cascade begins with shedding of the
zona pellucida, followed by elongation of the conceptus trophectoderm. The con-
ceptus trophectoderm then orients itself to the uterine LE in a phase called “appo-
sition,” followed by adhesion of the apical surface of trophectoderm to the apical
surface of uterine LE, and development of interdigitating microvilli between
trophectoderm and uterine LE (see Fig. 4a). As this cascade concludes, adhesion
seamlessly transitions to the progressive formation of epitheliochorial placentation
that supports fetal-placental development throughout pregnancy (Bazer and Johnson
2014).

During the peri-implantation period of pregnancy in eutherian mammals, the
conceptus trophectoderm and uterine LE develop adhesion competency in syn-
chrony to initiate an adhesion cascade within a restricted period of pregnancy termed
the “Window of Receptivity” (Fazleabas et al. 2004; Spencer et al. 2007b; Bazer
et al. 2011). This window is defined by the actions of progesterone and estrogen to
regulate locally produced cytokines and growth factors, cell surface glycoproteins
and adhesion molecules, and extracellular matrix (ECM) proteins (Johnson et al.
2009). Progesterone initiates the adhesion cascade for implantation in pigs. Imme-
diately prior to when the endometrium becomes receptive to implantation, just after
day 10, progesterone downregulates the expression of PGR in the uterine LE
(Geisert et al. 1994; Steinhauser et al. 2017). This downregulation of PGR is
associated with a downregulation in the expression of the mucin 1 (MUCI1), a
component of the apical surface glycocalyx of the uterine LE that physically inhibits
attachment of the conceptus trophectoderm to the uterine LE due to its extended
carbohydrate configuration (Brayman et al. 2004). Indeed, when cyclic gilts are
administered intramuscular injections of progesterone, there is a loss of MUC1 from
the apical surface of the uterine LE (Bowen et al. 1996). It is accepted that in all
mammals, firm attachment of the conceptus trophectoderm to the uterine LE requires
a temporal loss of MUCI at the apical surface of uterine LE cells (Brayman et al.
2004) that exposes low-affinity carbohydrate ligand-binding molecules including
selectins and galectins and, perhaps heparan sulfate proteoglycan, heparin-binding
EGF-like growth factors, cadherins, and CD44. These molecules are proposed to
then contribute to the initial, if fragile, attachment of the conceptus trophectoderm to
the uterine LE (Kimber et al. 1995; Kimber and Spanswick 2000; Spencer et al.
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Fig. 4 (a) The initial stages of implantation are common across species and are characterized as the
“Adhesion Cascade for Implantation.” The phases of this adhesion cascade in pigs include:
(1) elongation of the conceptus trophectoderm and shedding of the zona pellucida;
(2) downregulation of MUCI1 at the apical surface of uterine LE to expose potential, but not yet
identified, low-affinity carbohydrate-lectin binding molecules to mediate precontact and conceptus
trophectoderm orientation to the uterine LE; (3) low-affinity contacts are then replaced by a more
stable and extensive repertoire of adhesive interactions between integrins and maternal ECM to
mediate apposition of trophectoderm to LE; (4) integrin receptors expressed at the apical surface of
uterine LE cells bind to Arg-Gly-Asp (RGD) and non RGD amino acid sequence-containing ECM
molecules and bridge to another complement of potential integrin receptors expressed at the apical
surface of conceptus trophectoderm cells to mediate conceptus trophectoderm adhesion; and
(5) development of interdigitating microvilli between LE and trophectoderm (not illustrated in
figure). Immunofluorescence staining for PCNA illustrates that the conceptus trophectoderm
(Tr) proliferates, but the uterine luminal epithelium (LE) does not proliferate during the peri-
implantation period of pigs. The left and right panels were immunolabeled with a goat anti-
mouse IgG Alexa 594 secondary antibody. The middle panel was immunolabeled with a goat
anti-mouse IgG Alexa 488 secondary antibody. (b) Shows a cartoon depicting results of in vitro
experiments that have identified the avp6 integrin receptor on conceptus trophectoderm, and the
avfp3 integrin receptor on uterine LE as binding partners for OPN. OPN may bind individually to
these receptors to act as a bridging ligand between these receptors. Alternatively, OPN may serve as
a bridging ligand between one of these receptors and an as yet unidentified integrin receptor
expressed on the opposing tissue. (¢) Shows a cartoon depicting conceptus spacing within the
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2004). Interactions between carbohydrates and lectins during the adhesion cascade
of pigs have not been systematically investigated. However, it is likely that these
carbohydrate ligands and their lectin receptors, expressed at the apical surfaces of the
conceptus trophectoderm and uterine LE of pigs, undergo a series of attach-and-
release events. This results in maximal apposition of the conceptus trophectoderm to
the uterine LE, similar to the “rolling and tethering” that occurs when leukocytes
adhere to the endothelium for extravasation out of the vasculature and into connec-
tive tissues (Kling et al. 1992). Indeed, rolling and tethering has been proposed for
the initial attachment of human blastocysts to the uterine wall (Red-Horse et al.
2004). In support of this idea, other domestic farm species, including goats and
sheep, express H-type-1 antigens and glycosylation-dependent glycam 1, respec-
tively, at the interface between the conceptus trophectoderm and uterine LE during
the attachment phase of implantation (Powell et al. 2000; Spencer et al. 1999). These
low-affinity contacts are then stabilized by adhesion between an extensive repertoire
of integrins and extracellular matrix (ECM) proteins. The binding of integrins to
ECM proteins appears to be the major contributor to firm attachment of the concep-
tus trophectoderm to the uterine LE during implantation (Hynes 1987; Ruoslahti and
Pierschbacher 1987; Aplin et al. 1994; Burghardt et al. 1997, 2002; Lessey 2002;
Johnson et al. 2003, 2014). Integrins have been implicated in many cell adhesion
cascades (Kling et al. 1992). They are transmembrane glycoprotein receptors com-
posed of noncovalently linked o and  subunits. Integrin-ligand binding promotes
cell-cell and cell-ECM adhesion, causes the cytoskeleton within the cells to reorga-
nize and stabilize that adhesion, and transduces numerous intracellular signaling
pathways (Giancotti and Ruoslahti 1999; Albelda and Buck 1990). There are 18 o-
and 8 B-subunits that can dimerize to form 24 heterodimer combinations that then
bind to numerous extracellular ligands including a variety of ECM proteins (Albelda
and Buck 1990; Humphries et al. 2006; Gallant et al. 2005). Integrin receptors
expressed at the apical surface of the uterine LE can bind to Gly-Arg-Gly-Asp-Ser
(GRGDS) amino acid sequence containing ECM molecules and bridge to another
complement of integrin receptors expressed at the apical surface of the conceptus
trophectoderm (Johnson et al. 2014).

Seven integrin subunits have been shown to be expressed at the apical surface of
both the conceptus trophectoderm and the uterine LE of pigs. These include alpha
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Fig. 4 (continued) uterine horns and development of the allantoic and amniotic membranes (Panels
a, b, and c are original drawings by Gregory A. Johnson). Panel a is adapted with permission from
Geisert RD, Johnson GA and Burghardt RC. Implantation and establishment of pregnancy in the
pig. In: Regulation of implantation and establishment of pregnancy in mammals: Tribute to 45 year
anniversary of Roger V. Short’s “Maternal Recognition of Pregnancy”. Ed’s R.D. Geisert and
F.W. Bazer. 2015, pp. 137-164. Springer Sham. Panel b is adapted with permission from Erikson
DW, Burghardt RC, Bayless KJ, Johnson GA (2009) Secreted phosphoprotein 1 (SPPI,
osteopontin) binds to integrin alphavbeta6 on porcine trophectoderm cells and integrin alphavbeta3
on uterine luminal epithelial cells, and promotes trophectoderm cell adhesion and migration. Biol
Reprod 81:814-825. Published on behalf of the Society for the Study of Reproduction by Oxford
University Press
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1 (al), a3, o4, a5, av, beta 1 (B1), B3, and p5. The expression of a4, a5, and f1 on
the uterine LE increases during the peri-implantation period, and treatment with
progesterone increases the expression of these integrins at the apical surface of
uterine LE cells of cyclic pigs. Further, o4, a5, av, p1, f3, and B5 are present at
porcine implantation sites on days 12 through 15 of gestation (Bowen et al. 1996).
These subunits have the potential to assemble into the integrin heterodimer receptors
avpl, avp3, avps, a4pf1, and a5P1, and these integrin receptors may function in the
adhesion cascade that adheres the conceptus trophectoderm to the uterine LE
(Burghardt et al. 1997). Integrin activation through binding to a ligand results in
dynamic macromolecular complexes, termed integrin adhesion complexes (IACs)
that are composed of the heterodimeric transmembrane integrin receptors that
connect ECM proteins to the actin cytoskeleton, along with a diverse array of cell
signaling intermediates (Sastry and Burridge 2000; Wozniak et al. 2004; Larsen
et al. 2006). Immunofluorescence staining has revealed that av and B3 integrin
subunits co-localize with an altered distribution of an intracellular signaling inter-
mediate within IACs called talin within large aggregates at sites of attachment
between the conceptus trophectoderm and uterine LE on Days 20 and 25 of gestation
(Erikson et al. 2009; Frank et al. 2017). The size and nature of these aggregates are
similar to the well-characterized IACs that form at the base of cultured cells when
they attach to the ECM (Sastry and Burridge 2000; Burghardt et al. 2009). To date,
five ligands capable of engaging integrin receptors to induce assembly of IACs have
been characterized at sites of implantation in pigs. The inter-a-trypsin inhibitor
heavy chain-like (IaIH4) protein contains a von Willebrand type A domain that is
a recognition site for the avp3 integrin receptor (Geisert et al. 1998). The Latency
Associated Peptide (LAP) of transforming growth factor beta (TGFB) binds to avf1,
avp3, and avf5 (Massuto et al. 2009a). Fibronectin is capable of binding a4f1,
aSp1, and avp3 (Bowen et al. 1996). Vitronectin is a major ligand for avp3 (Bowen
et al. 1996). Finally, OPN is the most promiscuous of the ligands and interacts with
avpl, avp3, avps, and a4p1 (Johnson et al. 2003, 2014).

The IalH4 is part of the kallikrein-kininogen-kinin protease system. Both IalH4
protein expression and kallikrein enzymatic activity increase within the uterine
environment during the peri-implantation period of pregnancy in pigs (Geisert
et al. 1998; Vonnahme et al. 1999). The IalH4 can not only bind to the avfp3 integrin
receptor but also interact with hyaluronic acid within the ECM, both of which could
be involved in conceptus implantation. However, the primary role for IaIH4 during
implantation in pigs may be to act in concert with bikunin to stabilize the uterine LE
surface glycocalyx during conceptus attachment for implantation (Hettinger et al.
2001). The LAP associates with TGFB to form an inactive homodimer, called the
small latent complex. The small latent complex remains in the cell until it is bound
by latent TGFB-binding protein to form the large latent complex (LLC) that is then
secreted into the ECM (Lawrence 1996). The secreted LAP is then cleaved from the
LLC by proteases to release active TGFB (Jenkins et al. 2006). In pigs, TGFBI,
TGFB2, and TGFB3, and their receptors, TGFBRI and TGFBRI], are expressed by
the conceptus trophectoderm and by the uterine LE between days 10 and 14 of
gestation. It has been demonstrated that TGFB acts through LAP to increase
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fibronectin synthesis and cell adhesion to fibronectin, and LAP was shown to initiate
the formation of IACs in a porcine trophectoderm cell line (Jaeger et al. 2005). In
addition, conceptuses failed to implant when LAP was infused into the uteri of
pregnant pigs, suggesting that the infused LAP competed with the endogenous LLC
for binding to integrins expressed on the conceptus trophectoderm (Massuto et al.
2009b). In support of this idea, IACs containing LAP, B1, 3, and 5 are present at
the interface between the conceptus trophectoderm and uterine LE that may support
attachment of the conceptus trophectoderm to the uterine LE during porcine implan-
tation (Massuto et al. 2009a). Both fibronectin and vitronectin are present at sites of
attachment of conceptus trophectoderm to uterine LE in pigs (Bowen et al. 1996),
and oncofetal fibronectin (0FN), a glycosylation variant of fibronectin, is constitu-
tively expressed by the porcine conceptus trophectoderm as well as the uterine LE
throughout gestation (Tuo and Bazer 1996). Fibronectin and vitronectin are proto-
type cell adhesion proteins, and fibronectin recognizes 10 integrin receptors to
generate different signals depending upon the specific integrin receptor involved
(Johansson et al. 1997; Humphries et al. 2006). It is noteworthy that the human
conceptus trophoblast produces oFN so precisely at sites of trophoblast contact with
the endometrium that it has been referred to as “trophoblast glue” (Feinberg et al.
1994), and fibronectin is a strong candidate for mediating conceptus adhesion to the
uterus in rodents (Armant 2005).

Of the ECM adhesion proteins expressed at the interface between the conceptus
trophectoderm and the uterine LE during the peri-implantation period of pregnancy
in pigs, OPN is the most extensively studied (Johnson et al. 2003, 2014) (see
Fig. 4b). OPN is a member of the small integrin-binding ligand N-linked glycopro-
tein (SIBLING) family of ECM proteins that has multiple physiological functions
(Denhardt and Guo 1993; Butler et al. 1996; Sodek et al. 2000), but with regard to
implantation, focus has been on OPNs ability to bind integrins to mediate cell
adhesion and cell migration (Senger et al. 1994). OPN is an abundant component
of the intrauterine environment of pregnant humans, mice, rabbits, sheep, cattle,
goats, and pigs (Johnson et al. 1999a, b; Garlow et al. 2002; Apparao et al. 2003;
Kimmins et al. 2004; Mirkin et al. 2005; Joyce et al. 2005b; White et al. 2006). In
pigs, conceptus estrogens induce OPN expression just prior to the initiation of
implantation, beginning on day 13, in discrete regions of the uterine LE next to
the conceptus trophectoderm. By day 20, OPN expression extends along the entire
uterine LE when stable adhesion of the conceptus trophectoderm to uterine LE
occurs, and OPN expression remains high at the uterine—placental interface through-
out gestation (Garlow et al. 2002; White et al. 2005). In vitro affinity chromatogra-
phy and immunoprecipitation experiments have shown that OPN binds the avf6
integrin heterodimer on porcine trophectoderm cells, and the avp3 integrin
heterodimer on porcine uterine LE cells (Erikson et al. 2009). OPN binding,
particularly to the av integrin, promotes dose-dependent attachment of porcine
trophectoderm and uterine LE cells and stimulates haptotactic trophectoderm cell
migration, meaning that the cells migrated along a physical gradient of nonsoluble
OPN (Erikson et al. 2009; Frank et al. 2017). Immunofluorescence staining for
integrins at implantation sites of pigs revealed IACs containing these same integrins
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distributed in a pattern similar to that suggested by in vitro binding to OPN (Erikson
et al. 2009; Frank et al. 2017). Immunofluorescent staining for the av integrin
subunit revealed large IACs at the junction between the apical surfaces of conceptus
trophectoderm and uterine LE cells, suggesting these IACs facilitate conceptus
trophectoderm attachment to the uterine LE for implantation. The 3 subunit,
however, appeared in aggregates at the apical surface of uterine LE cells only,
agreeing with affinity chromatography data indicating in vitro binding of avfp3 to
OPN on uterine LE cells (Erikson et al. 2009). Finally, OPN-coated microspheres
were used to demonstrate co-localization of OPN, the av integrin subunit, and talin
to IACs at the apical domain of porcine trophectoderm cells (Erikson et al. 2009).
Collectively, results indicate that OPN binds integrins to stimulate integrin-mediated
TAC assembly within conceptus trophectoderm and uterine LE cells, attachment of
conceptus trophectoderm to uterine LE cells, and migration of conceptus
trophectoderm cells to promote conceptus implantation in pigs.

The physical changes that occur to the interface between the conceptus
trophectoderm and uterine LE during the initial stages of epitheliochorial placenta-
tion in pigs have been eloquently described by Dantzer (1985). On all days exam-
ined, the glycocalyx at the surface of the uterine LE is thicker than the glycocalyx at
the surface of the conceptus trophectoderm. On days 13 and 14, the uterine LE
develops protrusions that become enclosed by caps of conceptus trophectoderm
cells, and this unique configuration physically immobilizes the conceptus at the
uterine LE surface. By day 14, there is close apposition between the apical mem-
branes of conceptus trophectoderm and uterine LE cells, and microvilli form and
interdigitate between these plasma membranes through days 15 and 16. The inter-
face between the conceptus trophectoderm and uterine LE cells becomes increas-
ingly complex as it functionally transitions from histotrophic to hemotrophic nutrient
transport between days 15 and 20 of pregnancy. It is characterized by apical domes
on the uterine LE cells that are closely apposed to the conceptus trophectoderm cells
and provide long cytoplasmic extensions into a luminal space between the apical
domes. Finally, adhesion transitions into placentation through ever-increasing devel-
opment of interdigitating microvilli between the conceptus trophectoderm and
uterine LE cells that extends into the peripheral zone by day 26 of gestation.

5 Folding of the Uterine-Placental Interface to Facilitate
Hemotrophic Support of the Fetus

As pregnancy progresses, the uterine—placental interface, composes of the uterine
(maternal) placenta and the fetal placenta, undergoes considerable morphological
changes to progressively develop more complex folds that increase the surface area
of contact between uterine LE and placental chorionic epithelium (CE) for exchange
of nutrients, gases and waste products (Vallet and Freking 2007; Vallet et al. 2009).
The interface between the maternal (uterine) placenta and fetal placenta of pigs
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begins to fold by day 25 of pregnancy, and these early folds increase in length
through day 35, and again increase in length between days 50 and 60 of gestation
(Seo et al. 2020) (see Figs. 5a and 6a, c). Placental and uterine capillaries lie
immediately beneath these epithelia, minimizing the distance between maternal
and fetal blood vessels (Dantzer and Leiser 1994). Therefore, the increase in folding
at the maternal placental (uterine)—fetal placental (chorioallantoic) interface directly
increases the surface area of contact between maternal and placental microvascula-
tures to optimize the potential for transport of nutrients from maternal to placental
blood vessels for eventual utilization by the embryo/fetus. The small intestine
utilizes a similar strategy to maximize exposure of the microvasculature for micro-
nutrient transport (Hilton 1902; Simons 2013). Friess et al. (1980) described the
microarchitecture of these folds at Days 30 and 58 of gestation. By day 30 of
pregnancy, the chorioallantoic and endometrial surfaces interlock into folds com-
posed of endometrial ridges and chorioallantoic troughs. The trophectoderm cells at
the bottom of the chorioallantoic troughs are columnar and 40 pm in height, and the
trophectoderm cells at the sides and tops of the troughs are 20 pm in height. The
height of the uterine LE cells does not vary along the interface of the folds. The
apical surfaces of the trophectoderm cells possess long microvilli which interdigitate
with microvilli on the apical surfaces of the uterine LE cells. The subepithelial
capillaries of both the chorioallantois and endometrium remain separated from the
epithelial basal laminae by a limited, but easily visualized, layer of connective tissue
(Friess et al. 1980). By day 58 of pregnancy, the height of the trophectoderm cells is
35 pm at the bottom of the chorioallantoic troughs, and these cells are high columnar
and narrow in width. Along the sides and tops of the chorioallantoic troughs, the
trophectoderm cells are 15 pm in height. The uterine LE cells opposite the base of the
chorioallantoic troughs are 25 pm, whereas the uterine LE cells along the sides and at
the top of the chorioallantoic troughs are 15 pm. The subepithelial capillaries indent
into the trophectoderm cells on the sides and tops of the chorioallantoic troughs, and
where the capillaries protrude into the trophectoderm cells, the trophectoderm cell
height is reduced to 2 pm. In summary, the lateral sides and tops of the chorioallan-
toic ridges are designed for gaseous exchange, and the chorioallantoic barrier can
often be less than 2 pm, whereas the base of the chorioallantoic troughs is designed
for the transport of blood-borne nutrients, i.e., hemotroph (Friess et al. 1980).

An emerging concept is that tissues respond to mechanical forces that coordinate
morphogenesis, and it is hypothesized that mechanotransduction and
mechanosensation at the interface between the uterus and placenta drives the mor-
phological development of folding characteristic of the epitheliochorial placentation
of pigs (Seo et al. 2020). Changes in the length of the placental folds, expression of
mechanotransduction-implicated molecules in uterine and placental tissues, and
changes in the size of subepithelial blood vessels were examined for days 20 through
60 of gestation in pigs (see Fig. 5). It was observed that: (1) the length of folds
increased (2) OPN, talin, and focal adhesion kinase co-localized into aggregates at
the uterine—placental interface; (3) filamin, actin-related protein 2, and F-actin were
enriched at the tops of uterine folds extending into placental tissue (the bottom of the
chorioallantoic troughs described in the preceding paragraph); (4) uterine stromal
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Fig. 5 (a) Representative paraffin-embedded H&E-stained thin sections of the porcine uterine—
placental interface on days (D) 20, 25, and 40 of pregnancy (P). The interface between the maternal
placenta (endometrium) and fetal placenta (chorioallantois) begins to fold between day 20 and day
25 of pregnancy. The bottom panel is a graphic illustration of morphometric analyses to quantify the
length of placental folds on days 20 through 60 of pregnancy. Folding of the maternal placental-
fetal placental epithelial bilayer significantly increases from day 30 through 60 of gestation. LE,
luminal epithelium; CE, chorionic epithelium; Data are expressed as mean =+ standard error of the
mean (SEM). *, P < 0.05; *** P < 0.0001. Width of field for microscopic images is 890 pm. (b)
Upper panels show a cartoon depicting the dilation of subepithelial maternal placental (endometrial)
blood vessels that increases blood flow to push upward on the interface between the endometrial LE
and the chorioallantoic CE. The bottom left panel shows immunofluorescence microscopy for
platelet/endothelial cell adhesion molecule 1 (PECAM-1), in uterine-placental tissues from day
24 of pregnancy. Subepithelial blood vessels are dilated from day 24 and day 60 of pregnancy. The
right panel shows measurements of the mean area of subepithelial capillaries per unit endometrial
tissue from day 11 to day 35 of pregnancy. The mean capillary area significantly increased between
day 17 and day 24, and again between day 24 and day 35 of pregnancy. Data are expressed as
mean + standard error of the mean (SEM). **, P < 0.01; *** P < 0.0001; E-cad, E-cadherin.
Width of field for the microscopic image is 230 pm. (¢) Upper panels depict protrusive forces at the
sites of growing uterine capillaries that trigger IAC assembly and polymerization of actin between
the LE and CE. These IACs serve to anchor the interface at the tops of the maternal placental folds
and hold the maternal placenta and fetal placenta together. Maternal placental (endometrial)
fibroblasts differentiate into contractile myofibroblasts. Because protrusive force continues to be
applied to the placental interface at the tops of the maternal placental folds, and the tops of these
folds are stabilized by the formation of IACs, contraction of the myofibroblasts does not pull the
tops of the folds downward. Instead, the myofibroblast contraction pulls the sides of the folds
inward and the tops of the fetal placental folds downward. The result is both a narrowing and a
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fibroblasts acquired alpha smooth muscle actin; and (5) uterine blood vessels
increased in size. These observations indicate that the lengthening of the folds is
associated with polymerization of actin that coincides with IAC assembly, endome-
trial fibroblasts differentiate into myofibroblasts, and dilation of subepithelial blood
vessels correlates with the development of the folds. It is proposed that dilation of
subepithelial uterine blood vessels delivers increased blood flow that pushes upward
on the interface between the uterine LE and the placental chorioallantois, protrusive
forces from growing uterine blood vessels trigger IAC assembly and actin polymer-
ization between the uterine LE and chorionic epithelium at the bottoms of the
chorioallantoic troughs, and uterine fibroblasts differentiate into contractile
myofibroblasts that pull the connective tissue downward and inward to sculpt
folds at the uterine—placental interface (see Fig. 5b, c).

6 Areolae Provide for Histotrophic Support of the Fetus

In addition to having chorionic epithelium closely apposed to the uterine LE, there
are specialized epithelial cells of the chorionic areolae at the openings of the mouths
of uterine glands (see Fig. 6). These are tall columnar cells that have numerous
vacuoles containing the secretions of uterine glands (histotroph or uterine milk).
Indeed, the open space between the chorion and LE is filled with uterine milk
(Dempsey et al. 1955). The blood vessels that supply the folds of the wall of the
areolae form a ring towards the periphery and the areolar capillaries converge into
one or two stem veins indicating facilitated external inflow of blood into the areola
and outflow in a manner different from that of the inter-areolar regions of the
placenta (Dantzer and Leiser 1993). This anatomy allows areolae to transport
glandular secretions such as macromolecules, particularly proteins, by fluid-phase
pinocytosis across the placenta and into the fetal-placental circulation.

After the apposition of the conceptus trophectoderm to the uterine LE at days
13—15 of gestation, by days 15-17, the chorioallantois immediately around each of
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Fig. 5 (continued) lengthening of the folds at the interface between the maternal (uterine) placenta
and fetal placenta of pigs. The lower left panels show co-staining for F-actin and actin-related
protein 2 (ARP2) in uterine-placental tissues on day 35 of pregnancy. F-actin and ARP2 colocalized
to the top of the maternal placental folds. The lower right panels show uterine-placental tissues from
day 24 and day 60 of gestation that are double immunostained for vimentin and alpha smooth
muscle actin (a-SMA). Vimentin, but not a-SMA, was evident in the stratum compactum of the
endometrium of the maternal placenta on day 24, however immunostaining for a-SMA also
increased between days 24 and 35 of gestation. Width of fields for microscopic images on the left
is 230 pm. Width of fields for microscopic images on the right is 890 pm. (Panel b is an original
drawing by Gregory A. Johnson. Figure is adapted with permission from Seo H, Li X, Wu G, Bazer
FW, Burghardt RC, Bayless KJ and Johnson GA (2020) Mechanotransduction drives morphogen-
esis to develop folding at the uterine-placental interface of pigs. Placenta 90:62—70. Published on
behalf of the International Federation of Placenta Associations by Elsevier)
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Fig. 6 (a) H&E-stained brightfield image of in situ hybridization analysis of Cathepsin L (CTSLI)
mRNA, a gene that is expressed in the chorionic epithelium (CE) of areolae, within the chorioal-
lantoic and endometrial tissues of a day-60 pregnant pig (the top-most areola in this panel and the
areola in (b) are the same) (Song et al. 2010). Note the extensive folding interface between the
chorioallantois and the endometrium and the intermittent areolae at this interface denoted by the
astericks *. (b) Corresponding brightfield and darkfield images of a higher magnification of a
placental areola from panel a. Width of field of panel a is 7.6 mm. LE luminal epithelium, AE
areolar epithelium, GE glandular epithelium, ST stroma, CE chorionic epithelium, Myo
myometrium. (¢) Shows an illustration of the uterine placental interface of mature placentation in
the pig illustrating folding for hemotrophic support of the fetus and an areola for histotrophic
support of the fetus. The orange indicates the synthesis, secretion, and transport of histotroph by the
glands and into the lumen of the areola. Note that the epithelial cells of the areola and the chorionic
epithelial cells at the bottom of the chorioallantoic troughs are tall columnar. (d) Illustration
depicting the uterine-placental microenvironment at a placental areola in relationship to the fetus.
Nutrients and gases are transported from the maternal capillaries into the placental capillaries and
then to the heart via the umbilical vein for distribution to all tissue of the fetal-placental unit.
Macromolecules transported across the areolae also go to the heart via the umbilical circulation for
utilization by various tissues and cells. (Panels ¢ and d are original drawings by Gregory
A. Johnson. Panels a, b, and d are adapted with permission from Song G, Bailey DW, Dunlap
KA, Burghardt RC, Spencer TE, Bazer FW, Johnson GA (2010) Cathepsin B, Cathepsin L and
Cystatin C in the Porcine Uterus and Placenta: Potential Roles in Endometrial/Placental
Remodeling and in Fluid-Phase Transport of Proteins Secreted by Uterine Epithelia Across
Placental Areolae and Neonatal Gut. Biol Reprod 82:854-864. Published on behalf of the Society
for the Study of Reproduction by Oxford University Press)
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the openings of the uterine glands begins to reach over the mouth of the gland(s) to
develop a cavity that separates the uterine LE from the chorioallantois. These
structures are termed the areolae. They are initially observed as small white circular
discs with a prominent peripheral thickening of 1 mm in diameter (Friess et al.
1981), but quickly develop to cover the openings of the uterine gland(s). The cavity
that forms receives the secretions of the uterine glands, and the columnar chorionic
epithelial cells that line the placental border of this cavity form a seal between the
uterine LE and the walls of the placental areola to prevent dissipation of histotroph
into inter-areolar regions of the placenta. The allantoic vasculature that receives the
histotroph is clearly discernable from the vasculature that supplies inter-areolar
regions of the placenta (Leiser and Dantzer 1994). The endometrial vasculature
that supplies the areola develops more slowly than the endometrial vasculature of
inter-areolar regions presumably due a less intimate association with the
trophectoderm. This prevents direct physical interaction between the trophectoderm
and endometrium and decreases the influence of paracrine products that are secreted
by the trophectoderm. As the placenta grows, areolar diameter increases and a
stretching of the areolar capillary network leads to a progressively widening size.
During the early stages of placentation, the placental surface of the areolae is flat, but
as placentation progresses the flat surface becomes more complex with formation of
ridges and papilla-like structures lined by a columnar chorionic epithelium
(Amoroso 1952). The balloon shape of the areola implies that there is an interior
pressure against the chorioallantoic surface of the areola delivered by the continuous
accumulation of histotroph from the uterine glands. Indeed, the cavity of an areola is
a small reservoir for the histotroph that is potentially secreted by the much larger
uterine glands (Leiser and Dantzer 1994). There are some 2500 areolae distributed
over the entire chorioallantois, and their number is correlated with fetal weight
(r = 0.65). There are approximately 6 areolae per square centimeter of chorioallan-
tois at mid-pregnancy, but approximately 2.5 areolae per square centimeter of
chorioallantois by the end of gestation (Knight et al. 1977). The microanatomy of
areolae facilitate the transport of glandular secretions such as macromolecules and
proteins, including those for the transport of iron and vitamins, by fluid-phase
pinocytosis across the placenta and into the fetal-placental circulation. Macromole-
cules and proteins are then transported to the heart via the fetal venous system for
distribution to all fetal-placental tissues (Renegar et al. 1982; Ducsay et al. 1984;
Roberts et al. 1986; Bazer et al. 1991). All nutrients transferred across the placenta
may be cleared via the kidney and into the bladder from which they can enter the
allantoic sac via the urachus for metabolism, degradation, or reuptake into the
placental circulation for redistribution to affect development and function of fetal-
placental tissues (Bazer 1989).
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7 Conclusion

Figure 7 summarizes some of the major events during implantation and placentation
in the pig. A primary function of the placenta is the transplacental exchange of gases,
micronutrients (amino acids, glucose), and macromolecules (proteins), as well as the
production of hormones, cytokines, and other regulatory molecules that affect
growth and development of the conceptus throughout gestation. In all mammals,
placentation initiates with implantation that includes specialized cell adhesion and
cell migration leading to attachment of conceptus trophectoderm to the uterine
LE. Once attached, maternal and fetal blood must be brought into close apposition
to allow for transplacental exchange of molecules while maintaining separation of
the maternal and fetal circulatory systems. Endometrial and placental tissues are
remodeled to achieve areas of reduced interhaemal distance regardless of whether
the placenta is epitheliochorial, synepitheliochorial, endotheliochorial, or
hemochorial. Extensive remodeling to form chorionic (placental) ridges and
corresponding endometrial invaginations results in folding that further increases
the area of uterine-placental association. Indentation of the uterine LE and conceptus
trophectoderm by underlying capillaries further reduces the distance between mater-
nal and fetal blood, providing a short diffusion distance across the placenta.
Placentation is epitheliochorial in pigs as uterine LE remains intact throughout
pregnancy. Porcine conceptus trophectoderm directly attaches to the uterine LE, and
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Steinhauser)



The Early Stages of Implantation and Placentation in the Pig 83

these epithelia serve as the conduit for maternal hematotrophic and histotrophic
support for conceptus growth and development. There is progressive interdigitation
of microvilli on conceptus trophectoderm and uterine LE. The interface between the
maternal (uterine) placenta and fetal placenta of pigs begins to fold by day 25 of
pregnancy, and these early folds increase in length through day 35, and again
increase in length between days 50 and 60 of gestation to eventually cover the entire
placenta, except at the openings of uterine glands. Here the conceptus trophectoderm
never fuses with uterine LE, rather it forms a pocket referred to as an areola.
Secretions from superficial GE and deep uterine glandular GE, as well as molecules
representing selective transudation from maternal serum into uterine GE and LE, are
absorbed and transported across the chorioallantoic placenta by fluid-phase pinocy-
tosis for release into the fetal circulation.
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Abstract This chapter focuses on the early stages of placental development in
horses and their relatives in the genus Equus and highlights unique features of
equid reproductive biology. The equine placenta is classified as a noninvasive,
epitheliochorial type. However, equids have evolved a minor component of invasive
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trophoblast, the chorionic girdle and endometrial cups, which links the equine
placenta with the highly invasive hemochorial placentae of rodents and, particularly,
with the primate placenta. Two types of fetus-to-mother signaling in equine preg-
nancy are mediated by the invasive equine trophoblast cells. First, endocrinological
signaling mediated by equine chorionic gonadotrophin (eCG) drives maternal pro-
gesterone production to support the equine conceptus between days 40 and 100 of
gestation. Only in primates and equids does the placenta produce a gonadotrophin,
but the evolutionary paths taken by these two groups of mammals to produce this
placental signal were very different. Second, florid expression of paternal major
histocompatibility complex (MHC) class I molecules by invading chorionic girdle
cells stimulates strong maternal anti-fetal antibody responses that may play a role in
the development of immunological tolerance that protects the conceptus from
destruction by the maternal immune system. In humans, invasive extravillous
trophoblasts also express MHC class I molecules, but the loci involved, and their
likely function, are different from those of the horse. Comparison of the cellular and
molecular events in these disparate species provides outstanding examples of con-
vergent evolution and co-option in mammalian pregnancy and highlights how
studies of the equine placenta have produced new insights into reproductive
strategies.

Keywords Horse - Placenta - Trophoblast - Chorionic gonadotrophin -
Immunology - Endometrial cups
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1 Introduction

It is a great pleasure and an honor to contribute to this volume dedicated to the
memory of Professor Emmanuel Ciprian Amoroso (Amo). One of the authors
(WRA) knew Amo well, while the other (DFA) met him on only a few occasions,
but even in a short meeting Amo left a lasting impression. Here we have attempted to
present some of the fascinating aspects of placentation in the horse and related
species of the genus Equus. Many of the advances of the past six decades in our
understanding of reproduction in equids have been built on the foundation in Amo’s
classic chapter on placentation (Amoroso 1958).
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Several aspects of embryo development and placentation in the mare and other
female equids are unique to the genus Equus and are of great scientific puzzlement.
And they are made all the more interesting by virtue of the fact that each of the
physically and karyotypically diverse members of the genus, from the ancient
Przewalski’s Horse of Mongolia (2n = 66) to all the breeds of domestic horse
(2n = 64), then to the many breeds of domestic donkey (2n = 62), through the
Kulan and Kiang at 2n = 60 and 58, respectively, to the Somali Wild Ass at 2n = 56,
followed by a further reduction in chromosome number in the beautiful Grevy’s
zebra in Northern Kenya at 2n = 46, then to the Grant’s or Common zebra
throughout Central and Southern Africa at 2n = 44, and with a final decline to
Mrs. Hartman’s Mountain zebra in the Cape Colony of South Africa at only 2n = 32
(Fig. 1), can not only interbreed with all the other member species to conceive and
produce viable, although sterile, hybrid offspring (Gray 1972), but can also carry to
term extraspecific pregnancies created by embryo transfer (Fig. 2) (Allen and Short
1997). The mule (female horse X male donkey), which has been bred and used
successfully as a pack animal for thousands of years past, may reasonably be called
man’s first successful attempt at genetic engineering (Short 1975; Clutton-Brock
1992), and these sterile hybrids can also serve as surrogate mothers for horse or
donkey embryos (Fig. 2) (Davies et al. 1985).

This unusual ability of so many phenotypically and karyotypically diverse spe-
cies to interbreed successfully and carry both hybrid and extra-specific offspring
safely to term is made all the more surprising by a unique feature of early equine
placentation. Namely, the endometrial cup reaction (Cole and Goss 1943; Clegg
et al. 1954; Allen 1975b), which involves active invasion of the maternal endome-
trium by specialized trophoblast cells of the chorionic girdle region of the develop-
ing conceptus that stimulate strong humoral and cell-mediated responses from the
maternal immune system which appear not to be in any way detrimental to the
establishment or progress of pregnancy. The physical, hormonal, and immunological
intricacies of this unique and puzzling component of equine placentation form a
significant proportion of the present chapter. How and why do female equids
produce gonadotrophin-secreting endometrial cups in early pregnancy? The endo-
metrial cups held great fascination for Amo (Amoroso 1958), but at that time the
cups were considered to be maternal, not fetal, in origin.
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Fig. 1 Selection of the equine species. (a) Przewalski’s Ancient Horse of Mongolia, 2n = 66; (b)
Shire Horse and Welsh Pony domestic horses, 2n = 64; (¢) Domestic donkeys, 2n = 62; (d) Somali
Wild Ass, 2n = 56; (e) Grevy’s zebra, 2n = 46; (f) Common or Grant’s zebra, 2n = 44
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Fig. 2 The plasticity of equine reproduction. (a) Extraspecies equids created by transfer of
Przewalski’s horse (2n = 66), donkey (2n = 62), and Grant’s zebra (2n = 44) embryos to domestic
pony (2n = 64) recipient mares. (b and ¢) Horse and donkey foals born to sterile female mules after
embryo transfer

2 Early Embryonic Development

Amoroso paid scant attention to the earliest stages of placental development and,
indeed, very little was known about this topic at the time of his writing. Over the past
50 years, there has been an explosion of theory and practical knowledge about
fertilization, zygotic diploid genome activation, epigenetic reprogramming, morula
and blastocyst formation, and the induction of the trophectoderm, the earliest cell
layer to develop (Piliszek and Madeja 2018; Posfai et al. 2019; Gerri et al. 2020;
Toyooka 2020). Many of these advances were facilitated by methods of superovu-
lation that enabled production of large numbers of fertilized or unfertilized ova in a
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single estrus or menstrual cycle from both litter bearing species and monotocous
mammals, and the development of techniques for in vitro fertilization that have led to
major clinical applications in human reproductive medicine. It has been a cruel irony
that equine chorionic gonadotrophin (eCG), widely used exogenously to stimulate
superovulation in many species, including humans (Sommer et al. 2007; Medicine
2008; Takeo and Nakagata 2015; Naranjo Chacén et al. 2020), is not efficacious for
this purpose in the horse.

The ineffectiveness of superovulation in the horse has an anatomical cause that is
now well understood. In female equids, the fibrosity and general toughness of the
tunica albuginea that envelops the exterior of each ovary physically prevents ovu-
lation of the large (4—5 cm) estrus follicle through this exterior surface as occurs in
all other mammalian species. Instead, the follicle must migrate through the ovarian
stroma in order to ovulate through the ventrally situated tunica-free “ovulation
fossa” (Fig. 3a). This, in turn, means that the relatively small fimbria of the oviduct
in the mare only has to surround the ovulation fossa to “collect” the ovulated oocyte
and pass it on down the oviduct. However, this tough and impenetrable tunica
albuginea in the mare imposes the practical disadvantage in modern-day horse
breeding of effective prevention of the induction of superovulation in donor mares
in embryo transfer programs. Even if multiple follicles are stimulated to develop by
prolonged administration of exogenous gonadotrophins (Allen and Wilsher 2020),
the growing follicles compete with one another to migrate towards the ovulation
fossa with the result that they luteinize before they are able to ovulate. All manner of
studies have been undertaken to attempt to induce multiple ovulations in embryo
transfer donor mares, all of which have proved disappointingly negative. Even a
recent advance in using recombinant-derived equine FSH and LH to successfully
stimulate follicle growth in anestrous and cycling mares (Roser and Meyers-Brown
2019) has not been able to induce superovulation that results in repeatable recovery
of multiple, viable horse embryos. Thus, fertile superovulation of embryo transfer
donor mares, as is achieved routinely in other domestic animal species and women
(Devroey et al. 2004; Fonseca et al. 2016; Mikkola et al. 2019; Hansen 2020),
remains a sought-after pipedream in the mare.

In addition to the relative ineffectiveness of superovulation in mares, a second
problem has further impeded progress in research on early horse embryo develop-
ment; that is, the difficulty in producing embryos by in vitro fertilization (IVF).
Despite attempts by equine embryologists in many laboratories around the world,
only two successful births of foals after IVF have been reported (Palmer et al. 1991).
The reasons for this failure are not fully understood but may relate to unresolved
problems with in vitro capacitation of equine spermatozoa (Leemans et al. 2016).
The persistent work of equine reproductive specialists has paid off in another way—
through the development of highly successful techniques for ovum pickup (OPU),
in vitro oocyte maturation, and intracytoplasmic sperm injection (ICSI) (Stout 2020).
These techniques have fostered widespread use of Assisted Reproduction Technol-
ogy (ART) in clinical equine reproduction in the breeds that allow such procedures.
This has included successful freezing of embryos and routine long-distance shipping
prior to embryo transfer (Hinrichs 2018; Morris 2018; Carnevale et al. 2019; Squires
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Fig. 3 Images and stages of early equine pregnancy. (a) A sectioned ovary from an estrus mare
showing a preovulatory follicle protruding towards the ovulation fossa. (b) The tight and protruding
uterotubal papilla at the tip of a mare’s uterine horn, as viewed using video-endoscopy. (¢) Four
degenerate oocytes flushed from a cycling mare’s oviduct, viewed through a dissecting microscope.
(d) A spherical, unattached embryo in the uterus of a mare at day 13 after ovulation, viewed using
video-endoscopy. (e) Cryostat section of the embryonic acellular capsule surrounding the underly-
ing trophectoderm of a day 8 blastocyst, labeled with anti-trophoblast antibody 102.1 (Photograph
kindly supplied by Dr. Julio Oriol). (f) A collapsed blastocyst capsule (right) after its removal from
a day 8 embryo

2020). And in a surprising twist, the procedure of cloning horses by somatic cell
nuclear transfer (SCNT) was found to be quite effective in producing viable cloned
offspring (Gambini and Maserati 2017). This has led to the production of hundreds
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of cloned horses that are performing at high levels in several disciplines, particularly
in the sport of polo. Newer methods of using mesenchymal stem cells as SCNT
donor cells holds promise of even greater cloning efficiencies in the future (Olivera
et al. 2018).

Embryos fertilized with cryopreserved sperm showed downregulation of genes
involved in oxidative phosphorylation, DNA replication, and the immune system at
8, 10, and 12 days post ovulation (Ortiz-Rodriguez et al. 2019). That study suggests
that some forms of ART may have detrimental effects on embryo and placental
development. However, another recent study of foals and placentas showed no
significant differences between naturally conceived, embryo transfer, and ICSI
offspring, except for length of the foal’s upper hind limbs (Valenzuela et al.
2018). And in fact, the widespread commercial use over several decades of artificial
insemination with fresh, cooled, or frozen-thawed semen, embryo transfer, and now
even somatic cloning, suggests that the negative effects of ART in equine reproduc-
tion may be minor. The use of various types of ART in horses has enabled several
studies of the development of the equine trophectoderm, the earliest cell lineage of
the mammalian embryo, and the progenitor cell type that gives rise to the placenta.
Transcriptome profiling of isolated inner cell mass and trophectoderm documented
changes in gene expression that is largely consistent with results obtained in other
species (Igbal et al. 2014). Stout and colleagues determined that mitochondrial DNA
replication begins at blastocyst formation, but they did not find large differences in
the characteristics of mitochondrial DNA between in vivo and in vitro produced
embryos (Hendriks et al. 2019).

Passage of the zygote down the oviduct is a prolonged process in the mare, taking
some 6.0-6.5 days before the late morula or early blastocyst passes through the tight
and protruding uterotubal papilla (Fig. 3b) to enter the uterus (Battut et al. 1997).
And even more surprising and apparently equine-specific, unfertilized oocytes
remain lodged in the oviduct around the ampullary—isthmus junction where they
slowly degenerate over many months and even years (Fig. 3c) (van Niekerk and
Gerneke 1966). Excellent studies by Webber and colleagues at Washington State
University in the early 1990s [see (Weber et al. 1991)] demonstrated that the equine
embryo secretes pulsatile releases of both prostaglandin F2a (smooth muscle
contractant) and PGE2 (smooth muscle relaxant) from day 4 after ovulation, and
these stimulate the necessary peristaltic contractions of the oviducal smooth muscle
to propel the embryo on down the oviduct and through the uterotubal papilla into the
uterus on day 6, while also moving on any degenerating oocytes from previous
estrus cycles. Thus, even as early as day 4 after ovulation, the equine embryo has
become the driver of its own onward passage, and this self-driven mobility continues
unabated after the embryo enters the uterus. During passage through the oviduct, the
equine embryo influences innate immune response genes in oviductal tissue, with
marked upregulation of interferon-associated genes (Smits et al. 2016).
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3 The Embryonic Capsule and the Migrating Equine
Embryo

Once in the uterus, the steadily enlarging and still spherical embryo continues to
move throughout the entire uterine lumen over the next 10 days, driven by its
continuing pulsatile releases of PGF2a and PGE2 to stimulate peristaltic contrac-
tions of the myometrium (Fig. 3d) (Ginther 2014; Stout et al. 2000). Essential to this
unusual process of continuing intrauterine movement is maintenance of the
embryo’s spherical shape by formation of the so-called blastocyst capsule (Oriol
1994) soon after the embryo has entered the uterus on day 6. This translucent
proteinaceous membrane (Fig. 3e) is secreted by the trophoblast cells (Oriol et al.
1993), and it completely envelops the embryo (Fig. 3f) until around day 22 when it
begins to fragment and peel off the outer surface of the conceptus. It is presumed that
the capsule plays the central role in preventing elongation of the equine conceptus
around days 12-14 after ovulation, as occurs in the conceptuses of other large
domestic animal species (Geisert et al. 2017), as it is in direct contact with the
lumenal epithelium of the endometrium during the embryo’s movement around the
uterine lumen. Furthermore, the estrogens secreted by the young, mobile, equine
embryo have been shown not to influence the lifespan or productivity of the cyclical
corpus luteum (CL) (Wilsher and Allen 2011). Therefore, it seems reasonable to
suspect that some sort of physical, rather than biochemical, interaction between the
capsule and the endometrium is involved in initiating the so-called “maternal
recognition of pregnancy signal” in the mare which suppresses the release of
PGF2a from the endometrium during days 14-16 after ovulation that would nor-
mally occur to induce luteolysis and a return to estrus in the cycling mare
(Stabenfeldt et al. 1974; Allen 1981). However, the identity and mode of action of
the equine “maternal recognition of pregnancy signal” remains unproven and is a
matter of considerable conjecture in the equine reproduction research community at
the present time (Klohonatz et al. 2015; Klein 2016; Smits et al. 2018).

4 The Invasive Component of the Equine Placenta

Current theory suggests that invasive placentation, such as found in primates and
rodents, developed earlier than the diffuse forms of placenta characteristic of the
ungulates, which are now considered to be derived from more invasive types
(Wildman et al. 2006; Carter and Mess 2007; Carter and Enders 2013). Amoroso
classified the placenta of the horse as belonging to the least-invasive epitheliochorial
type, along with that of the pig (Amoroso 1958). And in fact, the histological
appearance of the placentae proper of these two species is remarkably similar.
Both have a microcotyledonary structure and six tissue layers separating fetal and
maternal circulations. It is at this interface between mother and fetus that the main
housekeeping functions of the placenta take place: the provision of nutrients and
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Allantochorion

Chorionic girdle
(invasive trophoblast)

1 gives rise to Border of allantochorion (top)
interdigitating with endometrium

Endometrial cups Histological section of
(at Days 45 of gestation) an endometrial cup

Bi-nucleate
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Fig. 4 Selected tissues critical to early placental development in the horse. The prominent feature
of the days 30-36 equine conceptus is the chorionic girdle trophoblast (upper left image). The girdle
cells invade the endometrium to form the endometrial cups. The cups are comprised of large,
binucleate, terminally differentiated trophoblast cells (lower left) that secrete eCG, which can be
detected in maternal blood between days 40 and 120 of gestation. The invading trophoblast cells
attract numerous maternal lymphocytes around the edge of the cups (lower right). The noninvasive
trophoblast of the allantochorion forms villi that interdigitate with corresponding crypts in the
maternal endometrium (upper right) to comprise the maternal—fetal interface of the placenta proper

oxygen and the removal of waste (Carter and Enders 2013). However, the horse
placenta has an additional component of invasive trophoblast, comprised of the
chorionic girdle and endometrial cups (Fig. 4). This invasive trophoblast functions
in endocrinological and immunological signaling between the conceptus and
mother, as will be described below.

4.1 Development of the Chorionic Girdle
and Endometrial Cups

Around day 16-17 after ovulation, the still-spherical and steadily expanding con-
ceptus becomes too large to continue its intrauterine movement and is held stationary
at the base of one or other of the uterine horns by an astounding increase in the
general tonicity of the myometrium—the uterus literally clamps down upon the
wandering conceptus, the precise stimulus for which also remains unknown. Once
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Fig. 5 Equine histiotroph.
Histological section of the
endometrium—trophoblast
junction in a mare at day
29 of gestation showing
histiotroph (“uterine milk”)
being exuded from the
mouths of endometrial
glands for uptake by the
overlying allantochorion.
Scale bar = 45 pm

held in place in this manner, continued steady expansion of the conceptus occurs
over the next 25 days, fueled by the uptake of histiotroph secreted by the endometrial
glands for absorption by its outermost layer of trophoblast cells, which lies in close
contact with, but is not yet physically attached to the endometrium (Fig. 5). Amoroso
referred to this histiotroph as “uterine milk” (Amoroso 1958). It is now recognized
that the developing human conceptus benefits from nutrients provided by histiotroph
during the first trimester, in a similar fashion to the situation in ungulates (Burton
et al. 2002; Filant and Spencer 2014; Jones et al. 2015).

During this prolonged period of “detachment,” the embryonic yolk sac regresses
steadily and is replaced by the well-vascularized allantois, an outpouching of the
hindgut that fuses with the outermost chorion to create the allantochorion that will
begin to form the definitive equine placenta from day 40 onwards. However, before
that commencing maternofetal attachment takes place, the curious and
equine-unique endometrial cup reaction begins with development of the chorionic
girdle. This starts around day 25 when a 5-10 mm wide “strip” of the trophoblast at
the junction of the enlarging allantois and regressing yolk sac starts to become
“ruffled” in appearance due to an increase in multiplication rate of the trophoblast
cells only in that region (Fig. 6a—c). Over the next 10 days, continued rapid
multiplication and elongation of these specialized trophoblast cells causes them to
pile up upon one another to form a discrete band-like thickening, termed the
chorionic girdle (Allen et al. 1973) which encircles the entire conceptus at the
allantois—yolk sac junction. Then, between days 36 and 38, the entire thickened
girdle peels off the fetal membranes and attaches itself to the opposing endometrium
(Fig. 7a) where the now-binucleate (Wooding et al. 2001) trophoblast cells vigor-
ously disrupt and destroy the lumenal epithelium before passing down the lumenae
of the endometrial glands, dislodging the lining epithelium as they do so (Fig. 7b).
Initially, they remain contained within the basement membrane of the glands, but
soon break through to stream out into the endometrial stroma (Fig. 7c) where they
enlarge further, round up, and lose their invasive properties to become closely
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Fig. 6 Images of the chorionic girdle trophoblast. (a) Petri dish containing a non-surgically
recovered horse conceptus at day 34 of gestation showing the discrete, thickened chorionic girdle
at the junction of the enlarging allantois (above) and the regressing yolk sac (below). (b) A scanning
electron micrograph of the 34-day chorionic girdle, showing piled-up invasive trophoblast cells on
the left and the smooth surface of the expanding allantochorion membrane on the right. (c)
Formalin-fixed section of chorionic girdle from day 33 of gestation showing rapidly dividing and
piled-up girdle trophoblast cells. (Scale bar = 50 pm). (d) Cryostat section of day 33 chorionic
girdle (left side) and chorion (right side) trophoblast labeled with antibody to equine major
histocompatibility complex class I molecule. The invasive chorionic girdle is strongly labeled,
indicating high expression of MHC class I, while the chorion is negative

packed together in the endometrial stroma (Fig. 7d), thereby forming a series of
discrete, endometrial plaques of variable size, the so-called endometrial cups,
arranged in a circle around the still—spherical conceptus at the base of the gravid
uterine horn (Fig. 8a, b). The width or diameter of these endometrial cup plaques is
dependent upon the width of the progenitor chorionic girdle, which can vary greatly
between the different equine species (Allen 1982), and their variation in length
originates from the degree of folding of the endometrium at the time of initial
invasion of the chorionic girdle—numerous small cups develop only on the tips of
the folds of very undulating endometrium whereas longer, unbroken strips of
endometrial cup form when the endometrium is less folded and flatter at the time
of girdle invasion (Allen 1975b). The cups persist for only about 60 to 80 days and
have usually disappeared from the uterus by day 120 of the 330-day gestation of the
mare.
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Fig. 7 Histology of endometrial cup formation. (a) Low power section of a day 38 chorionic girdle
having just attached itself to the maternal endometrium (Scale bar = 250 pm). (b) Section of 38-day
chorionic girdle attached to the endometrium. The lumenal epithelium of the endometrium has been
obliterated and the large, binucleate girdle cells are seen passing down the endometrial glands as
they dislodge and obliterate the glandular epithelium (Scale bar = 170 pm). (¢) Developing
endometrial cup at day 40 of gestation showing the enlarging binucleate chorionic girdle cells
streaming out into the endometrial stroma having broken through the walls of the endometrial
glands. Appreciable numbers of leucocytes are already beginning to accumulate around the
invading trophoblast cells (Scale bar = 170 pm). (d) A newly formed endometrial cup at day
42 of gestation. The enlarged fetal cup cells are now becoming tightly packed together in the
endometrial stroma and the number of accumulated leucocytes is beginning to diminish (Scale
bar = 150 pm). H&E staining of formalin-fixed tissues

Fig. 8 Endometrial cups in situ at 42 days of gestation. (a) Everted uterus showing allantochorionic
membranes overlying the endometrium in an area with numerous endometrial cups. (b) The same
specimen with the allantochorion removed, allowing better visualization of a typical pattern of
endometrial cups showing small, individual cups and longer strips of cup tissue. The variation in
cup size results from the gross morphological variation in the endometrial surface when the girdle
cells invade into a flattened or folded area of the endometrium
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4.2 Endocrinological Signaling: The Endometrial Cups
and Equine Chorionic Gonadotrophin

The chorionic girdle was first described in 1897 by Cossar Ewart (Ewart 1897) and
accompanied by an astonishingly accurate drawing (compare Fig. 9a, b). The
endometrial cups were first reported not long afterward (Schauder 1912). A function
was attributed to the cups in the 1940s, when Cole and colleagues described the
gonad-stimulating properties present in the serum of pregnant mares between days
40 and 120 of gestation (Cole and Hart 1930), and later demonstrated that the
endometrial cups carried high concentrations of this pregnant mare serum gonado-
trophin (PMSG), now known as equine chorionic gonadotrophin (eCG), and were
thus the likely source of this active hormone (Cole and Goss 1943). By that time, it
was already known that the human placenta was the source of a substance with
similar gonadotrophic actions, now called human chorionic gonadotrophin (hCG)
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Fig. 9 Components of the days 32-36 equine conceptus and consequences of equine trophoblast
invasion. (a) 1897 drawing of day 33 equine conceptus by Ewart, who discovered the chorionic
girdle (Ewart 1897). (b) Day 33 horse conceptus recovered non-surgically with tissues labelled per
Ewart (image courtesy of Dr. Julio Oriol). (¢) Temporal plot of elements of early equine pregnancy,
showing duration of MHC class I expression by the invasive trophoblast of the chorionic girdle cells
and early endometrial cups and stylized curves of appearance and duration of maternal antibody to
paternal MHC class I antigens and eCG in maternal blood. (d) Sectioned ovary from a mare at
102 days of gestation showing multiple accessory corpora lutea formed from eCG-induced sec-
ondary ovulations and luteinization of unruptured follicles after day 40
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[reviewed by (Cole 2010)], but the link between the chorionic girdle and endometrial
cups was not appreciated, and the origin of the endometrial cups was a mystery that
eluded even Amoroso, who repeated past suppositions that the cups were of mater-
nal, and not fetal, origin (Amoroso 1958). The connection between the chorionic
girdle trophoblasts and the endometrial cups was not made until the early 1970s,
when one of the present authors, W. R. Allen, and his colleagues described how the
endometrial cups are formed by invasion of the endometrium by the chorionic girdle
cells (Allen and Moor 1972; Allen et al. 1973; Hamilton et al. 1973). This work
explained the origin of the endometrial cups and it also created a framework for
understanding their function.

Only two groups of mammals—primates and equids—produce a placental
gonadotrophin. The primary function of both eCG and hCG is to promote a maternal
hormonal environment that will maintain pregnancy. In the mare, this is accom-
plished by stimulating the maternal ovarian follicle growth and luteinization that
supplies progesterone early in gestation. The target receptors of eCG are thus on
maternal, not fetal, tissues. This may explain why the only placental cells that
produce eCG are the mature endometrial cup trophoblasts that have embedded
themselves within maternal tissue and which are separated entirely from the devel-
oping placenta and fetus. Levels of this high molecular weight glycoprotein hormone
(76,000) (Papkoff 1981), which expresses both FSH-like and LH-like biological
activities (Evans and Irvine 1975), peak in maternal blood at around 65-75 days of
gestation and thereafter decline steadily to finally disappear completely between
120 and 150 days (Fig. 9c). Simultaneously with the onset of eCG secretion by the
developing endometrial cups around day 38—40 of gestation, the first of what
becomes a series of eCG-induced secondary or accessory corpora lutea develops
in the maternal ovaries, either from normal ovulation or by luteinization of an
unruptured mature follicle which has been stimulated to grow by continuing 10 to
12 day releases of FSH from the maternal pituitary gland (Evans and Irvine 1975;
Urwin and Allen 1982). These regular, seasonally driven FSH releases continue
beyond day 40 and result in one or more secondary ovulations or luteinizations on
each occasion, thereby building a “crop” of secondary corpora lutea in the maternal
ovaries (Fig. 9d) that maintain the pregnancy state until around day 90-120 when the
slowly developing allantochorion has now enlarged to occupy and attach to the
endometrium throughout the whole of the uterine lumen and is secreting sufficient
progestagens to take over this role entirely (Squires and Ginther 1975).

The genome-level tools and assays for the horse that have become widely
available following the publication of the equine genome reference sequence
(Wade et al. 2009) have facilitated the elucidation of molecular pathways controlling
differentiation of the chorionic girdle and endometrial cups. This is a very dramatic
and dynamic process that results in up and downregulation of hundreds of genes over
a very short period of time as the chorionic girdle forms and as its cells alter their
behavior (Brosnahan et al. 2012; Read et al. 2018b). de Mestre and colleagues
determined the expression patterns in developing chorionic girdle cells of several
transcription factors known to function in mouse and human trophoblast. That study
suggested that glial cells missing homologue 1 (GCM-1) might function to regulate
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the expression of the eCG beta chain gene (CGB) (de Mestre et al. 2009). Subsequent
in vitro experiments confirmed that GCM-1 binds to site 1 in the LHB promoter and
also identified other GCM-1 binding partners likely to be involved in the control of
eCG expression (Read et al. 2018a). One such factor is Bone Morphogenetic Protein
(BMP) 4, a member of the TGF-beta superfamily, which was shown to act in
paracrine fashion to promote terminal differentiation of chorionic girdle cells into
binucleate endometrial cup cells through the SMADI1/5 pathway (Cabrera-Sharp
et al. 2014).

Although there are many similarities between hCG and eCG, there are also
substantial differences (Bousfield et al. 1996). eCG and hCG are both alpha-beta
heterodimers that combine a beta chain with placenta-specific expression with an
alpha chain that is common to follicle stimulating hormone (FSH), luteinizing
hormone (LH), and thyroid stimulating hormone (TSH). However, the placenta-
specific beta chains evolved by distinct mechanisms. The hCG beta chain is encoded
by a gene that arose through duplication and subsequent modification of the human
LH gene (Policastro et al. 1983). The major modification is the addition of a COOH-
terminal extension that functions by prolonging the half-life of the molecule in the
circulation.

In horse, the eCG and eLH molecules are encoded by a single gene, the primor-
dial equine LH gene (Sherman et al. 1992). Surprisingly, the equine LH/CG gene has
a COOH-terminal extension of approximately the same length as the human hCG
gene, but there is virtually no homology between the two COOH extensions
(Sherman et al. 1992). The equine eCG and eLH molecules differ in carbohydrate
content, but not in amino acid sequence (Bousfield et al. 1985; Matsui et al. 1991).
Many more functions have been attributed to human hCG than have been yet
identified for eCG, including several immune modulating activities (Schumacher
and Zenclussen 2019; Gridelet et al. 2020). Much more research has been conducted
on hCG compared to eCG, but it is also possible that hCG has more functions
because it exists as a separate gene that has evolved on its own. The continued
evolution of eCG, on the other hand, may have been restricted because it is encoded
by the eLH gene, and thus must retain the essential functional properties of LH.

Although commonly referred to as hormones, eCG and its primate counterpart,
hCG, function more like pheromones than conventional hormones. Produced by
highly specialized cells of the fetal-derived placenta, they convey strong molecular
signals from offspring to mother prenatally to help secure the transfer of life from
one generation to the next.

4.3 Immunological Signaling: The Endometrial Cup
Reaction

The second type of signaling mediated by the chorionic girdle and endometrial cups
is the strong stimulation of the mother’s immune system by paternally derived fetal
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antigens encoded by the major histocompatibility complex (MHC), reviewed by
Noronha and Antczak 2010. The highly polymorphic MHC class I and class II
molecules constitute the primary barrier to tissue and organ transplantation (Alegre
et al. 2016; Rock et al. 2016; DeWolf and Sykes 2017; Nakamura et al. 2019), and
thus they also represent potential immune targets for maternal anti-fetal immune
reactions that, in theory, could damage or destroy the conceptus if expressed on
trophoblast cells. Because the MHC genomic region is so polymorphic in mammals,
most pregnancies are MHC disparate; that is, the fetal MHC antigens inherited from
the father are usually different from those of the mother and therefore potentially
antigenic. Soon after the fetal origin of the endometrial cups was discovered, it was
hypothesized that the striking accumulations of maternal mononuclear cells
observed surrounding and infiltrating the endometrial cups (Fig. 10) represented a
maternal cell-mediated immune response against the conceptus (Allen 1975a).
Thereafter, early studies of the equine leukocyte antigen (ELA) genetic system
(ELA is the species-specific name for the MHC of the horse) reported that virtually
all mares carrying MHC incompatible conceptuses developed cytotoxic antibodies

Fig. 10 Histology of the leukocyte response to the endometrial cups. (a) Early endometrial cup
showing healthy binucleate trophoblasts surrounded by dense accumulations of maternal lympho-
cytes and dilated endometrial glands and lymphatics. (b) Day 60 endometrial cup showing reduced
numbers of lymphocytes surrounding the cup cells. (¢) Day 80 endometrial cup with increased
numbers of invading lymphocytes accompanied by eosinophils (red cells in inset image). Note also
the dilated endometrial glands and the mixture of sloughed cup cells and gland secretion on the
uterine surface of the cups. (d) Endometrial cup in the final stages of its lifespan at 110 days of
gestation showing advanced degeneration of the cup cells and the accumulated eCG-rich exocrine
endometrial gland secretion beneath the allantochorion on the lumenal surface of the cup
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against the foreign MHC antigens of the mating stallions (Bright et al. 1978; Antczak
et al. 1982). Furthermore, the antibodies appeared shortly after the invasion of the
endometrium by the chorionic girdle cells, that is, by day 45 of gestation (Fig. 9¢)
(Kydd et al. 1982; Antczak et al. 1984). This suggested that the stimulus for maternal
antibody production and the accumulation of maternal lymphocytes around and
within the endometrial cups might be paternal MHC antigens expressed by the cup
cells.

Experiments designed to detect expression of MHC antigens on endometrial cups
cells using immunohistochemical assays produced surprising results. First, mature
endometrial cup trophoblast cells appeared to be devoid of MHC antigens (Fig. 11),
and second, high levels of MHC class I antigens were detected on chorionic girdle
trophoblasts recovered at days 32 to 36 of gestation (Fig. 6d) (Donaldson et al.
1990). No MHC class I expression was detected on trophoblast from 10 to 25 day
embryos and conceptuses. Similar to findings in other species, no MHC class II
antigen expression was detected on any equine trophoblast population. By testing
timed pregnancies between days 35 and 45 of gestation, it was discovered that MHC
class I antigen expression decreases rapidly after the chorionic girdle cells invade the
endometrium (Donaldson et al. 1992).

Formal proof that the chorionic girdle trophoblast cells are the source of paternal
MHC class I antigens that stimulate the mother’s antibody response in early equine
pregnancy was provided by experimental ectopic transplants of chorionic girdle cells
recovered nonsurgically at day 34 of gestation and transplanted to the vulval mucosa
of unrelated, nonpregnant recipient mares. In the parlance of transplantation biology,
these trophoblast transplants were fully allogeneic. The donor trophoblast cells were
of a different MHC type to the recipient mares and thus, not surprisingly, they
stimulated the same types of cytotoxic antibodies observed in normal horse preg-
nancy. The ectopically transplanted girdle cells also developed into terminally
differentiated endometrial cup cells and attracted lymphocytes around them, as in
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Fig. 11 Downregulation of major histocompatibility complex class I molecule expression by
mature endometrial cups cells. Cryostat sections of day 60 endometrial cups labeled with mono-
clonal antibodies. (a) Antibody 71.8 (anti-horse trophoblast) showing strong labeling of endome-
trial cup trophoblasts but not maternal cells. (b) Antibody 116.1 (anti-horse MHC class I antigen)
fails to label the endometrial cup trophoblasts but strongly labels maternal endometrial gland cells.
Inset shows lack of MHC class I expression on endometrial cup cells in higher power). Labels: em
endometrium, ec endometrial cup, ac allantochorion
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the uterus during normal pregnancy (Adams and Antczak 2001). Surprisingly, the
ectopically transplanted trophoblast survived in the vulva of recipient mares for
approximately the same duration as the endometrial cups in normal horse pregnancy
(de Mestre et al. 2011). Furthermore, repeated ectopic transplants of the same
antigenic character induced secondary antibody responses in the recipients
(Brosnahan et al. 2016), providing conclusive evidence that invasive horse tropho-
blast cells can induce both primary and anamnestic antibody responses while
apparently avoiding immunological destruction by these responses. It was of con-
siderable interest to find that the transplanted invasive trophoblasts produced suffi-
cient eCG to be detectable in recipient serum. Furthermore, this eCG promoted the
formation of corpora lutea in the ovaries of the recipient mares which prevented
them from displaying estrus signs for the duration of the lifespan of the transplants
(de Mestre et al. 2011).

The maternal cytotoxic antibodies generated against paternal MHC class I anti-
gens expressed by the chorionic girdle cells in equine pregnancy represent the most
dramatic example of a maternal antigen-specific, humoral immune response to
trophoblast yet described in any species (Antczak 1989). This may be because
equine trophoblast expresses classical MHC class I antigens, molecules which are
highly antigenic within a species because of their high degree of polymorphism. The
invasive human extravillous trophoblast, on the other hand, expresses pauci-
polymorphic MHC class I molecules of the HLA-C, —G, and E loci, which are
much less antigenic (Apps et al. 2009). Equally remarkable is the cell-mediated
response to the equine conceptus. At the time of the initial invasion of the chorionic
girdle cells at day 36-38 and for a few days afterwards, significant numbers of
maternal leucocytes accumulate around the perimeter of the developing endometrial
cup (Fig. 10a) (Allen 1975a; Enders and Liu 1991). Subsequent immunohistochem-
ical studies using monoclonal antibodies to equine lymphocyte subsets indicated that
the majority of the leukocytes are thymus-derived lymphocytes, or T-cells; that is,
they express the CD3 molecule carried by all T-cells and either CD4 (T-helper cell
subset marker) or CD8 (cytotoxic T-cell subset marker), with CD4+ T-cells
predominating (Grunig et al. 1995). A few B-cells were also identified (Grunig
et al. 1995), but no markers for macrophages, or for other types of leukocytes such as
natural killer cells, were used. This same investigation documented striking changes
in the density of leukocytes around the endometrial cups at different stages of their
life cycle. Large numbers of T-cells were observed in the early stages of cup
development (Fig. 10a) and in the late phase of deterioration and death of the
endometrial cup trophoblasts, and at this end stage, eosinophils were also often
seen (Fig. 10c). In contrast, at the peak of eCG production around day 60, fewer
lymphocytes were found around or within the cups (Fig. 10b) (Grunig et al. 1995).

A plausible hypothesis for the reduction in lymphocyte numbers in the middle
stage of endometrial cup development is that eCG, which peaks in secretion at that
time, may have a local immunosuppressive effect, similar to the immunoregulatory
actions of hCG (Schumacher 2017). However, to our knowledge only a single study
addressed this issue and no evidence was reported for immune modulation by
placental extracts containing eCG (Lea and Bolton 1991). Another possibility is
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that the maternal T-cell response is negatively regulated by galectin-1 which has
been shown to be expressed on the endometrial cup trophoblast cells (Wilsher et al.
2019). Cultured chorionic girdle trophoblast cells, but not fetal fibroblasts, were
shown to secrete factors that can inhibit lymphocyte proliferation, but the molecules
involved were not identified (Flaminio and Antczak 2005). More recently, a family
of equine pregnancy-specific glycoproteins (PSGs) expressed by invasive and non-
invasive trophoblast has been described (Aleksic et al. 2016). In other species, PSGs
have been postulated to have immunoregulatory properties, and this might be the
case for equine PSGs, too (Kammerer et al. 2020).

Whatever mechanism results in reduction of the lymphocyte response, it appears
to be a temporary one. In the late stage of endometrial cup life, coincident with
falling eCG concentrations in maternal blood, increasing numbers of maternal
lymphocytes, macrophages, and eosinophils again begin to accumulate in the endo-
metrial stroma surrounding each endometrial cup (Fig. 10c). This marks the start of
degeneration and death of the large trophoblast cells at the lumenal surface of the
cup, presumably as a consequence of a relative lack of blood vessels in that region
following their destruction during the original girdle cell invasion at days 38 to 40.
And as the eCG levels in maternal blood decline, the accumulated leucocytes begin
to invade into the body of the endometrial cup (Fig. 10c).

Despite this appearance of T-cell-mediated destruction of the endometrial cups,
several findings suggest a more complicated process. First, in mares carrying
MHC-matched compatible pregnancies, no maternal antibody response is detected
(Antczak et al. 1984). This is expected if the target antigens are encoded by the
MHC. Surprisingly, however, no reduction in the local lymphocyte response to the
endometrial cups was noted in pregnancies from such MHC-matched matings (Allen
et al. 1984). Furthermore, in repeated pregnancies derived from MHC-incompatible
matings that were established using a stallion homozygous for the MHC as semen
donor, there was no demonstrable reduction in lifespan of the endometrial cups and
no detectable increase in the lymphocyte response to the endometrial cups, as would
be predicted if the demise of the endometrial cup trophoblasts is caused by an
antigen-specific T-cell response to paternal MHC antigens (Adams et al. 2007).

Thus, although the antibody response to paternal MHC class I antigens follows
the expected, conventional rules of immunological specificity and memory, there is
no evidence for any deleterious effects of this cytotoxic antibody response on the
survival of the invasive trophoblast or the success of the pregnancy. It is possible that
the equine conceptus escapes antibody-mediated destruction because the MHC class
I antigens are expressed only on the invasive trophoblast of the chorionic girdle and
early endometrial cups, and not on any other trophoblast cells. On the other hand, for
the T-cell-mediated response, there is less evidence for either antigen specificity or
memory. One possible explanation for the observed findings is that the conventional
T-cell response to MHC class I antigens is subject to strong immune regulation.
Current research in pregnancy immunology has highlighted the importance of
regulatory T-cells (Tregs) in promoting the survival of the conceptus (Rowe et al.
2013; Salvany-Celades et al. 2019). There is evidence that equine T-regs (Robbin
et al. 2011) are enriched in lymphocyte populations isolated from endometrial cup
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tissue (de Mestre et al. 2010) and possibly at other sites in the endometrium during
pregnancy (Fedorka et al. 2019). Equine Tregs can also be detected in circulating
blood, and low levels of these regulatory cells has been associated with early
pregnancy loss (Aurich et al. 2014). A distinct mechanism of T-cell exhaustion
has been demonstrated in mice and proposed as a critical component of the maternal
immune system adjustments that prevent immunological destruction of the concep-
tus (Kinder et al. 2020). Although this mechanism has not been demonstrated in
horse, a profound pregnancy-associated decrease in the capacity of CD8+ T-cells
from pregnant mares to mount in vitro cytotoxic responses to foreign MHC class 1
antigens has been shown to occur in MHC disparate (Baker et al. 1999) and MHC
compatible pregnancies (Noronha and Antczak 2012). The strong maternal antibody
responses to paternal MHC class I antigens in equine pregnancy coupled with
decreased cytotoxic T-cell responses has been termed “Split Immunological Toler-
ance to Trophoblast” (de Mestre et al. 2010). This concept of split tolerance fits the
observations well, but there is no doubt that much more remains to be learned about
the T-cell response to the equine invasive trophoblast.

Most studies of immune system cells in the equine endometrium have focused on
conventional T-cells, which appear to be the dominant lymphocyte type (Grunig
et al. 1995; Meeusen et al. 2001). In contrast, in humans and rodents, a specialized
type of leukocyte called the uterine natural killer (uNK) cell is very prevalent in the
pregnant endometrium (Croy et al. 2002; Moffett and Colucci 2014). There have
been few investigations of equine NK cells or their receptors (Noronha et al. 2012a;
Futas et al. 2020), and even fewer that studied NK cell distributions in the endome-
trium. However, the limited information available suggests that NK cells are
enriched in the endometrium in the pregnant compared to the nonpregnant state
(Tachibana et al. 2013), and higher in lymphocytes isolated from the endometrial
cups compared to those extracted from peripheral blood obtained at the same time
from individual mares (Noronha et al. 2012b). No information on the function of
equine ulNK cells is available. There is also very little data on other minor sub-
populations of equine lymphocytes, so this remains a fertile area for future research.

Another feature of the endometrial cup reaction is blockage of the outlets of the
endometrial glands during the initial invasion process. They remain active, however,
so that their lumenae become increasingly distended with accumulated exocrine
secretion. This begins to be liberated with commencing death and sloughing of the
large cup cells at the lumenal surface of the cups (Fig. 10d). The inspissated secretion
and admixed dead cup tissue accumulates underneath the allantochorion covering
the surface of the cup, to form a “blob” of exocrine glurp on the surface of each cup
which contains very high concentrations of eCG (Clegg et al. 1954). Take up of eCG
into the maternal bloodstream occurs via a nest of lymph vessels which form at the
base of each cup. And following the eventual death and desquamation of the necrotic
cups and their accumulated secretion from day 100 of gestation onwards, the
desquamated lumps of eCG-rich material in the dorsal region of the gravid uterine
horn may indent into the underlying allantochorion to create a series of pendulous
“allantochorionic pouches” (Clegg et al. 1954) that hang into the allantoic cavity
(Fig. 12).
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Fig. 12 Inner surface of the allantochorion of a term placenta showing an allantochorionic pouch
that had hung into the allantoic cavity

5 Co-Option of Immune System Molecules by the Equine
Placenta

The placenta evolved late in the evolutionary process, long after the vertebrate body
plan was established (Carter and Mess 2007). The vertebrate gene set was already in
place when the placenta evolved and it is therefore not surprising that the placenta
expresses relatively few organ or tissue-specific genes (Rawn and Cross 2008).
Molecular studies have identified a set of 115 genes that are expressed in the
placentae of many, or perhaps even all, mammals and may thus have important
conserved functions (Armstrong et al. 2017). Most of those genes are not specific to
the placenta; rather, they have been co-opted, or borrowed, from other cell types to
serve specific functions of the placenta. Some of those genes are involved in
regulation of the immune system (Armstrong et al. 2017). However, the placenta
is also a focus for rapid, continuing evolution in mammals, with great variation in
form between species that reflects underlying patterns of gene expression (Wildman
2011). Furthermore, many genes active in the placenta have expression patterns that
are restricted to particular tissues of the placenta and/or to certain developmental
stages. Therefore, it is difficult to make generalizations about many genes found to
be expressed in the placenta of any single species. The horse provides some
interesting examples of restricted expression patterns of co-opted genes that affect
immune function.

Galectins are a family of lectins that carry conserved carbohydrate recognition
domains. Many of the members of this family have immune modulatory function
and have been associated with the placentae of rodents (Blois et al. 2007) and
humans (Than et al. 2009). As described earlier, the outermost trophoblast layer of
the equine conceptus remains closely applied, but not physically attached, to the
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Fig. 13 Expression pattern of galectin-1 in equine trophoblast. (a) Trophectoderm of a day
18 conceptus. Note the lack of labeling of the underlying endoderm cell layer (Scale bar = 45 pm).
(b) Day 32 chorionic girdle overlying the endometrium, showing greatly reduced labeling com-
pared to day 18 (Scale bar = 200 pm). (c) Endometrial cup cells at day 40 of gestation, showing
strong reexpression (Scale bar = 150 pm)

maternal endometrium between 20 and 40 days of gestation. These trophoblast cells
stain strongly for galectin-1 between days 10 and 20 when the blastocyst capsule still
surrounds the embryo (Fig. 13a). This galectin-1 staining disappears between days
20 and 30 after the capsule has been shed, only to appear again strongly thereafter in
just the invasive trophoblast of the developing chorionic girdle (Fig. 13b) and the
resulting eCG-secreting binucleate endometrial cup cells after the girdle has invaded
the maternal endometrium at days 36 to 38 (Fig. 13c) (Wilsher et al. 2019). It is
interesting to speculate if an important role of the blastocyst capsule, as well as
maintaining the spherical shape and hence ability of the conceptus to move around
the uterine lumen to distribute widely its maternal recognition of pregnancy signal
between days 6 and 16 after ovulation, might be to prevent the galectin-1 secreting
trophoblast cells from attempting to invade the maternal endometrium.

Interleukin 22 (IL-22) is an unusual cytokine. It is produced by a variety of
immune system cells, particularly in inflammatory environments, but its receptor is
expressed not on leukocytes, but on non-hematopoietic cells, typically epithelial
cells. Engagement of IL-22 with its receptor can promote tissue repair and/or
production of antimicrobial peptides (Rutz et al. 2013). A screen of transcriptional
activity in invasive chorionic girdle cells revealed that equine IL-22 is expressed by
the chorionic girdle trophoblast and by early endometrial cup cells (Brosnahan et al.
2012); this is the only known example of expression of IL-22 by a non-immune cell
type. Because the lumenal epithelial and endometrial gland cells express the IL-22
receptor, it has been suggested that the purpose of IL-22 expression by invasive
trophoblast may be to promote reepithelialization of the endometrium in the areas
where the chorionic girdle has invaded (Brosnahan et al. 2012).

6 Epigenetic Regulation in the Equine Placenta

Genomic imprinting is a form of epigenetic regulation that results in monoallelic
expression determined by parent-of-origin. About 200 imprinted genes have been
described in humans and mice (Tucci et al. 2019), and many of the imprinted genes
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are expressed in the placenta (Frost and Moore 2010; Renfree et al. 2013). The
discovery of genomic imprinting in manipulated gynogenetic and androgenetic
mouse embryos suggested that paternally expressed imprinted genes might predom-
inate in the formation and function of the extraembryonic membranes (McGrath and
Solter 1984; Barton et al. 1984).

Much earlier, an unusual pattern of expression of equine chorionic gonadotrophin
(eCQ) in the sera of pregnant equids and their hybrids was described (Allen 1969).
Mares carrying horse pregnancies had high levels of serum eCG, as did Jenny
donkeys carrying interspecies hinny pregnancies. On the other hand, Jenny donkeys
carrying normal donkey pregnancies and mares carrying interspecies mule pregnan-
cies had very low levels of eCG. In these four types of pregnancy, the level of eCG in
maternal blood appeared to be determined by the paternal genome; that is, concep-
tuses sired by horses produced high levels of eCG while conceptuses sired by
donkeys produced low levels. This expression pattern is consistent with a hypoth-
esized cause by imprinted genes. Transcriptome profiling of horse, donkey, mule,
and hinny chorionic girdle trophoblast identified a large number of imprinted genes
in this tissue, with a predominance of paternally expressed genes (Wang et al. 2013).
It is of considerable interest to speculate whether the demonstrated differences in
gene expression in the placentae of mule and hinnies is translated into phenotypic
differences between the reciprocal hybrids in adult life (Fig. 14). A second result
from this same dataset showed conclusively that X-chromosome inactivation, which
is a specialized form of epigenetically determined monoallelic expression, was
random in both embryonic and extraembryonic tissues (Wang et al. 2012). This
result demonstrated that the selective paternal X inactivation in mouse extraembry-
onic tissues (Takagi and Sasaki 1975; Huynh and Lee 2001) does not apply to all
mammals. Additional imprinted genes of the horse remain to be discovered. For
example, recently the paternally expressed retroelement RTLI was identified and
characterized in the equine placenta and associated with promoting angiogenesis in

Fig. 14 A mule (female horse X male donkey) and hinny (female donkey X male horse). Which is
which?
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the chorioallantois (Dini et al. 2021). Epigenetic regulation remains a rich area for
future research in equids.

7 Development of the Equine Placenta Proper

Placentation proper in the mare really begins from day 40 onwards with a microvil-
lous contact between the trophoblast and lumenal epithelium of the endometrium,
combined with a commencing protrusion of blunt villi of trophoblast into accom-
modating crypts in the endometrial surface (Fig. 15a) (Samuel et al. 1975, 1976).
This interdigitation process continues steadily thereafter in parallel with enlargement
and elongation of the conceptus to occupy the entire lumen of the uterus by around

Fig. 15 Formation of the Equine Placenta Proper. (a) Histological section showing commencing
interdigitation of the allantochorion with the endometrium at Day 46 of gestation (Scale
bar = 150 pm). (b) Section of the allantochorion—endometrium border at day 68 of gestation
stained with an eGF-receptor antiserum and illustrating specialized absorptive “areolae” for the
uptake of endometrial histiotroph (Scale bar = 200 pm). (¢) Low power section of a horse placenta
at day 309 of gestation showing the multibranched and sub-branched microcotyledons that maxi-
mize the surface area contact between trophoblast and maternal endometrium. Areolae for the
absorption of endometrial gland histiotroph are seen above the microcotyledons. (d) Scanning
electron micrograph (SEM) images of equine microcotyledons at day 309 of gestation. (Left side)
Trophoblast-denuded microcotyledons reveal the dense accumulation of fetal capillaries within
these placental subunits. (Right side) Maternal endometrium showing the crypts into which the
microcotyledons are normally inserted to bring fetal and maternal blood supplies into intimate
physical contact throughout the entire epitheliochorial placenta
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Fig. 16 The equine placenta expands to fill the space available within the uterus. (a) Day 93 horse
conceptus that has now expanded to occupy the entire lumen of the uterus. (b) A horse term placenta
laid out to demonstrate its considerable surface area which maximizes maternofetal circulatory
interchange

days 80-85 (Fig. 16a). The interdigitating chorionic villi begin to become branched
and sub-branched to maximize the area of contact between fetal and maternal tissue
while at the same time leaving areas of apparently specialized absorptive trophoblast
cells called “areolae” overlying the mouths of the still very active endometrial glands
to enable the continued uptake of histiotroph (Fig. 15b) (Allen et al. 2017). In this
way, the growing equine fetus benefits from both hemotrophic and histiotrophic
forms of nutrition throughout the remainder of gestation (Wilsher and Allen 2012).

The continuing branching of the interdigitating chorionic villi eventually leads to
the formation of discrete, so-called microcotyledons (Fig. 15¢) between which the
areolae continue their uptake of histiotroph throughout the entire gestation. And
during the second half of pregnancy, each microvillus is, in effect, a mass of tightly
coiled fetal capillaries interdigitated with an equivalently coiled mass of maternal
capillaries (Fig. 15d), with as little as 4—6 pm of maternal and fetal tissues separating
the two blood supplies (Abd-Elnaeim et al. 2006). And at term in Thoroughbred
mares, use of the technique of stereology has demonstrated that the total microscopic
area of feto-maternal contact across the entire placenta exceeds a whopping 50 square
meters (Wilsher and Allen 2003) (Fig. 16b)!

The very large quantities of estrogens secreted by the fetal gonad-placenta
cooperation during the second half of gestation are likely a major driver of the
development and complicated interdigitation of maternal and fetal capillaries at the
feto-maternal interface to facilitate maternal-fetal exchange of nutrients and waste
products. Surgical removal of the gonads from four horse fetuses between days
197 and 251 of gestation (Pashen and Allen 1979) resulted in an immediate drop in
maternal serum estrogen concentrations to baseline values. All four mares remained
pregnant until spontaneous parturition at term, but three of the foals died during an
abnormal parturition when each mare simply “stopped pushing” early in the process
of expelling the foal through the birth canal, presumably due to a lack of prosta-
glandin synthesis and storage in the myometrium to effect the necessary contractions
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Fig. 17 Conjugated estrogen and progestagen profiles in the sera of five mares throughout
pregnancy (courtesy of Robert Pashen, PhD thesis, University of Cambridge, 1978)

during the birth process (Pashen and Allen 1979). The fourth foal was born alive
with assistance but it was very small, perhaps as a result of reduced placental
interface resulting from the lack of placental estrogen synthesis, and it remained
stunted as it matured into adult life (Pashen and Allen 1979).

Actually, the placenta secretes very little native progesterone per se, but it does
produce a range of closely related and biologically active progestagens, prominent
amongst which is 5 alpha dihydroprogesterone (Daels et al. 1998; Scholtz et al.
2014). And to accompany this copious supply of non-ovarian progestagens, the
placenta also begins to secrete increasing quantities of estrogens from around days
80-90 of gestation which include both the common estrogens, estradiol-17f and
estrone, and the two equine-unique and biologically active estrogens, equilin and
equilenin (Bhavnani et al. 1969, 1971). Levels of all four estrogens in maternal blood
and urine rise steeply to microgram per milliliter concentrations between days
200 and 280 of gestation before declining again steadily towards term (Fig. 17).
Of particular interest, and another apparently equine-unique phenomenon, is the
androstenedione and other carbon-19 precursors for this enormous production of
pregnancy estrogens that are secreted by the interstitial cells of the fetal gonads, both
testes and ovaries. These become tremendously enlarged between 150 and 280 days
of gestation when they occupy over half the total volume of the fetal abdomen
(Fig. 18a) (Pashen and Allen 1979). Each consists of a tightly packed mass of large,
epithelioid, interstitial cells secreting the C-19 estrogen precursors (Fig. 18b)
(Pashen et al. 1982) and they regress steadily during the final few weeks of gestation
to become small and more gonad-like in appearance by the time of parturition.
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Fig. 18 Enlargement of fetal ovaries during equine pregnancy. (a) The very enlarged fetal ovaries
still attached to the undeveloped fetal uterus and the inactive maternal ovaries from a mare at
36 weeks of gestation. (b) Histological section of a fetal testis at 239 days of gestation showing the
enlarged and tightly packed estrogen precursor secreting interstitial cells (Scale bar = 150 pm)

8 Early Pregnancy Loss

Placental development has a direct relationship to fetal health and reproductive
success. Advances in reproductive medicine such as the use of artificial insemina-
tion, transrectal ultrasonography, and prostaglandins have made improvements in
breeding efficiency, but early pregnancy loss in horses persists. It has been known
for several decades that pregnancy rates in mares are negatively correlated with
maternal age and age-related degeneration of the endometrium (Woods et al. 1987,
Ball 1988). The fertility rate per estrus cycle has been estimated to be in the range of
60-65% (Allen et al. 2007), and little is known about the reasons for pregnancy
failure before day 14, when the equine conceptus can now reliably be detected using
transrectal ultrasonography. Pregnancy loss between days 14 and 65 hovers around
7% (Hanlon et al. 2012; de Mestre et al. 2019). Pregnancy loss due to chromosomal
disruption is common in human pregnancy and increases with maternal age (Vitez
et al. 2019), but evidence for aneuploidy in domestic species is scarce. A recent
study of failing conceptuses recovered non-surgically from privately owned mares
used a whole genome genotyping array to discover that approximately 20% of these
miscarriages had detectable chromosomal aneuploidy, while such genomic abnor-
malities were not found in placentae from any of the normal pregnancies that were
examined as controls (Shilton et al. 2020). This high level of aneuploidy is consistent
with results obtained using in vitro produced horse embryos (Rambags et al. 2005;
Rizzo et al. 2019). It is possible that some embryos are lost before day 14 due to
genetic abnormalities and that some additional pregnancy loss after day 14 may be
due to small genetic rearrangements that were not detected by Shilton and col-
leagues. It may be that reproductive efficiency in the mare is reaching a point
where little additional progress can be expected in the near future.
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Fig. 19 Timeline of endocrinological and immunological fetus-to-mother signaling in early equine
pregnancy. (a) Early conceptus migration between the uterine horns is the likely signal for
maintenance of the primary corpus luteum (maternal recognition of pregnancy). (b) MHC class 1
antigen expression on invading chorionic girdle trophoblasts stimulates strong cytotoxic maternal
anti-fetal antibody responses. (¢) eCG secretion by the endometrial cup cells promotes secondary
ovulations and continued progesterone production between days 40 and 100 to support the
developing fetal-placental unit

9 Conclusion

In Fig. 19, we summarize the critical endocrinological and immunological signaling
events in early equine pregnancy and placental development that, when correctly
orchestrated, lead to the miracle of birth of a healthy foal (Fig. 20). The extensive,
diffuse, epitheliochorial placenta of female equids, combined with the intriguing
endometrial cup reaction with its immunological and endocrinological connotations,
followed by the combined involvement of the fetal gonads and placenta in the
production of relatively enormous quantities of biologically active estrogens
involved in vascularization of the placental interface during the second half of
gestation, singles out the genus Equus for special interest in and study of the
whole process of placentation. And how that placentation phenomenon can continue
to function normally and effectively in the face of both interspecies hybrid and
transferred extraspecies pregnancies remains a fascinating area of investigation.
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Fig. 20 The finished product of equine reproduction. A mare and her young foal
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Abstract In comparison to many other mammalian species, ruminant ungulates
have a unique form of placentation. Ruminants initially display an epitheliochorial
type of placentation; however, during the period of placental attachment, trophoblast
giant binucleate cells (BNC) develop within the chorion to migrate and fuse with the
uterine surface epithelium to form syncytial plaques. Binucleate cell migration and
fusion continues throughout pregnancy but never appears to breach the basal lamina,
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beneath the uterine surface or luminal epithelium. Therefore, the semi-invasive type
of placentation in ruminants is classified as synepitheliochorial. The endometrium of
ruminant species also contains unique specialized aglandular structures termed
“caruncles” in which the chorioallantois (cotyledons) interdigitates and forms highly
vascularized fetal-maternal “placentomes.” This chapter will discuss the current
knowledge of early conceptus development during the peri-attachment period,
establishment of pregnancy, conceptus attachment, and placentation in ruminant
ungulates. The features of placentomes, BNCs, fetomaternal hybrid cells, and
multinucleated syncytial plaques of the cotyledonary placenta of ruminant species
will be reviewed to highlight the unique form of placentation compared to the
placentae of other artiodactyls.

Keywords Ruminant - Bovine - Ovine - Pregnancy - Conceptus - Uterus -
Implantation - Placentation

1 Introduction

Attachment of the embryo or conceptus (embryo and extraembryonic membranes) to
the maternal uterine endometrium followed subsequently by development of the
placenta is the means by which eutherians provide the environment needed to
support the prolonged period of in utero fetal development until parturition. It is
notable that the early stages of embryo development between fertilization of the
oocyte and blastocyst formation are conserved among mammalian viviparous spe-
cies. It is only following hatching of the blastocyst from its zona pellucida coat that
distinct deviations in the steps of mammalian implantation and placental develop-
ment become apparent. Indeed, there is great variation in the area and depth of
placental interactions with the maternal endometrium. Examples of such differences
range from the noninvasive, epitheliochorial attachment in the pig and horse to the
invasive, endotheliochorial, and hemochorial types of implantation in canines,
rodents, and primates (Grosser 1909; Mossman 1937; Amoroso 1952; Wimsatt
1974). The acquisition of the epitheliochorial placenta in some larger species pro-
vides an interesting contrast relative to any advantages that an invasive placental
form might offer (Mossman 1974; Carter and Enders 2013). Ruminants have a
unique semi-invasive type of attachment in which formation of trophoblast giant
binucleate cells (BNCs) migrate and fuse with the luminal epithelium (LE). The
“invasiveness” of the BNC appears to be limited to fusion with the uterine epithe-
lium to form syncytial plaques that do not penetrate the basal lamina present beneath
the LE. The “synepitheliochorial” type of attachment is functionally intermediate
between the noninvasive placentation in the pig and the invasive endotheliochorial
placenta in canines (Chavatte-Palmer and Guillomot 2007). In addition to the unique
form of conceptus attachment, the endometrium of the bicornuate uterus of ruminant
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Fig. 1 Bicornuate uterus of the ewe (a) and heifer (b) opened to show the endometrial caruncles
(asterisk) within the uterine lining. The presence of melanocytes in caruncles of blackface ewes
results in the dark-pigmented color of the caruncles in panel a. (¢) Sheep “concave” placentomes on
day 120 of pregnancy. (d) Fetal cotyledons and maternal caruncles which form the “convex”
placentome of the bovine placenta on day 240 of pregnancy

species is lined with specialized aglandular structures termed “caruncles” (Fig. 1a,
b). Interdigitation of chorioallantois (cotyledons) and formation of crypts within the
caruncles ultimately leads to the formation of highly vascularized fetal-maternal
“placentomes” (Fig. 1c, d). The caruncles of ruminants develop in the endometrium
after birth, and the total number varies between individual animals and species
(Wiley et al. 1987; Hradecky et al. 1988). During pregnancy, the bovine, ovine,
caprine, and Antilopinae (gazelles, blackbucks) placenta can have 75 to
125 placentomes, while Cervidae (deer) and other ruminant species may contain
only 4-6 placentomes (Hradecky 1983). The number of cotyledons present in the
giraffe can range from 123 to 191. The overall shape of the placentomes ranges from
primarily flat (deer, antelope), convex (cattle) to concave (sheep, goat) (Mossman
1987). The camel is considered a ruminant. However, it is quite distinct evolution-
arily from the Ruminantia and its placenta resembles the diffuse form of pigs and
horses (Skidmore et al. 1996).

In this chapter, the current knowledge related to early embryonic development,
implantation, and placentation in the cattle and sheep is discussed. The
synepitheliochorial type of uterine attachment and the cotyledonary placenta are
unique adaptations in nearly all ruminant ungulate species. The ruminant placenta
represents a form of placental interaction with the maternal uterus that is distinct in
comparison to other mammals.



132 J. A. Green et al.
2 Early Conceptus Development

After fertilization, the embryo undergoes cell divisions to reach the morula stage,
which occurs around day 5 of gestation in cattle (Brackett et al. 1980). Initially both
outer and inner cells of the morula do not have well-developed intercellular junc-
tions. Instead, they are in contact only through cellular focal and gap junctions.
Subsequently, the outer cells establish tight junctions, with a concomitant increase in
the extent of cell-cell contacts. Meanwhile the inner cells retain the focal and gap
junction. This process represents compaction of the morula. A blastocoelic cavity is
formed through fluid movement into the intercellular spaces of the compact morula.
The osmotic gradient driving blastocoel formation is established by Na*™/K*-ATPase
(a “sodium pump”) present within the basement membrane of the outer
(trophectoderm) cells. Formation of outer polarized and inner nonpolarized cells of
the blastocyst triggers differential cellular activity of the Ras and Hippo signaling
pathways to induce lineage segregation (see Telugu, Chapter “Development of
Pre-Implantation Mammalian Blastocyst”).

In mice, cellular expression of NANOG and SOX2 prevents induction of a
trophectoderm lineage and leads to the formation of the inner cell mass (ICM),
while activation of the caudal-related homeobox gene Cdx2 by Tead4/Yap stimu-
lates trophectoderm lineage (Cockburn and Rossant 2010; see Telugu,
Chapter “Development of Pre-Implantation Mammalian Blastocyst”). However,
care must be taken in extending the mouse model to other mammals as there is
variability among species (Spencer et al. 2006; Berg et al. 2011; Negron-Pérez et al.
2018; Llobat 2020). In mice, expression of the octamer-binding transcription factor
Pou5f1, also known as Oct4, is restricted to the ICM, which is not the case during
early bovine blastocyst development (Berg et al. 2011). Pou5f1 is co-expressed with
Cdx2 in the trophectoderm, even after blastocyst development. The possible
co-expression of Pou5fl1 in the trophectoderm may be related to the extended period
of peri-attachment and growth that is observed in the conceptuses of ungulates.

The bovine blastocyst hatches from its zona pellucida (Fig. 2a) on day 9-10 of
gestation by weakening the zona through enzymes produced by both the blastocyst
and endometrium as well as expanding and contracting to create a fracture in the
zona glycoprotein coating. After hatching, the conceptus takes on a spherical and
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Fig. 2 Photomicrographs of (a) hatching day-10 bovine blastocyst, (b) ovoid 1 mm day-14 bovine
conceptus, and (c) histological section of ICM and trophoblast of a day-15 bovine conceptus
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Fig. 3 Scanning electron microscopy photograph of (a) elongated 15 mm day-15 bovine concep-
tus, (b) embryonic disc of a day-15 bovine conceptus, and (¢) embryonic disc descending into the
trophoblast folds to form the amnionic sac of a bovine conceptus. ED embryonic disc, Tr
trophoblast. (SEM photomicrographs courtesy Michael F. Smith University Missouri)

then an ovoid morphology (Fig. 2b). Differentiation of germ layers (Fig. 2¢) begins
in the ICM soon afterwards (Perry 1981). The establishment of the germ layers
during gastrulation is the prelude to formation of the chorion, amnion, yolk sac, and
allantoic membranes typical of the chorioallantoic type of placenta in ungulates
(Perry 1981). During this period, the spherical conceptus slowly grows from 1 mm to
8 mm between day 12 and 14 of gestation (Betteridge et al. 1980). By day
15, endoderm completely lines the basal membrane of the trophectoderm of the
ovoid conceptus (Fig. 2b). Mesoderm from the ICM migrates between endoderm
and trophectoderm layers to form a trilaminar trophoblast (Fig. 2c). The mesoderm
separates to associate with the endoderm (forming the vascular splanchnopleure yolk
sac) and the outer trophectoderm (to form the avascular somatopleure) of the
developing chorion. Thus, the origin of the extraembryonic membranes begins to
form in ruminants prior to firm attachment to the uterine luminal surface epithelium.

The trophectoderm covering the ICM (Rauber’s layer) is lost during the period of
early conceptus expansion (Betteridge and Flechon 1988). The growing embryonic
disc appears as a rounded sphere on the surface of the day 16 elongated conceptus
(Fig. 3a). On days 16 to 18, the embryonic disc appears to descend (Fig. 3b) into the
conceptus as the developing trophoblast layer (somatopleure) begins to fold around
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and engulf it (Fig. 3c). Closure of the trophoblast fold over the embryonic disc
establishes the amnion and forms the cavity for fluid accumulation within the
amniotic sac. Development of the vascular yolk sac, which is in close apposition
to the mesenchyme of the chorion (Fig. 2¢), serves an essential function to transfer
nutrients from the chorion surface (choriovitelline) to the embryos during early
development.

3 Conceptus Elongation, Apposition, and Establishment
of Pregnancy

The changes in early embryo development, attachment, and placental expansion in
cattle and sheep have been documented and reviewed (Leiser 1975; King et al. 1982;
Betteridge and Flechon 1988; Assis Neto et al. 2010). Growth and elongation of the
bovine conceptus within the uterine horn is accelerated from day 15 to 18 of
gestation. During this period, the 2 mm diameter filamentous conceptus reaches
lengths over 200 mm (Fig. 4) to extend into the contralateral horn by day 18 to 19 of
gestation (Greenstein et al. 1958; Betteridge et al. 1980). Conceptus elongation in
sheep is initiated on day 12, and the conceptus membranes extend into the contra-
lateral horn by day 17 (Rowson and Moore 1966). Unlike the rapid morphological

Fig. 4 Photomicrograph of an elongated 220 mm day-19 bovine conceptus. Insert: early embryo
with yolk sac and outgrowth of allantois from the hindgut of a bovine conceptus. (Photo courtesy of
Sofia Ortega, University of Missouri)
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elongation of pig conceptuses (Geisert et al. 2015), the increase in the length of cattle
and sheep conceptuses occurs through cell proliferation, migration, and morpholog-
ical change in shape over 2-3 days (Wang et al. 2009; Bazer et al. 2010).

The bovine conceptus is rather weakly attached to the uterine surface epithelium
during the period of elongation until approximately day 23 of gestation. During this
timeframe, connections with the endometrium begin near the embryonic disk and
spread from there (King et al. 1980). For the most part, apposition and attachment is
similar among ruminants. A few differences exist, however. In sheep, the apposition
steps begin with a decrease in trophoblast microvilli between days 13 and
15 (Guillomot et al. 1981, 1982, 1993). The transient loss of microvilli may promote
apposition of trophoblasts with the LE. Besides cellular contacts between tropho-
blast and endometrial surface epithelium, the portion of the trophoblast overlying the
uterine gland openings extend papillae into the superficial mouths of the glands
between days 15 and 17 of pregnancy (Fig. 5a). Development of the trophoblastic
papillae is proposed to anchor the peri-attachment conceptus to the uterine surface
(Fig. 5b) during elongation throughout the uterine horns in the cow and sheep
(Guillomot et al. 1981; Guillomot and Guay 1982). The trophoblastic papillae may
also serve to absorb gland secretions until the formation of the areolae in the
developing chorion.

The increase in the rate of conceptus elongation during this peri-attachment
period is regulated by changes in the transcriptome and secretions of the endome-
trium which are programmed by progesterone following ovulation (Forde et al.
2011; Spencer and Hansen 2015; Spencer et al. 2016). In cattle, changes in endo-
metrial secretions are sensitive to the rise of progesterone following ovulation and
timing of the downregulation of progesterone receptor (PGR) in the endometrial
luminal (LE) and glandular (GE) epithelium (see Lonergan et al. 2016). An earlier
increase in circulating progesterone following ovulation is associated with advanc-
ing conceptus development and elongation. Exogenous treatment of bred cows with
progesterone immediately after ovulation advances conceptus elongation on day
15 of gestation (Garrett et al. 1988) which is similar to the timing of elongation in
sheep (Satterfield et al. 2006). Interactions between the conceptus and the endome-
trium during the peri-implantation period of conceptus elongation are sensitive to
endometrial changes because dysregulation of these changes leads to downstream
effects on conceptus survival and later embryonic loss in subfertile cows (Moraes
et al. 2018).

During the peri-attachment period, sheep and bovine endometrium and concep-
tuses secrete prostaglandins as expression of prostaglandin-endoperoxide synthase
2 (PTGS2) is enhanced (Charpigny et al. 1997a, b). Prostaglandins modify the
endometrial transcriptome and influence endometrial secretions to stimulate concep-
tus growth and survival (Simmons et al. 2009). Brooks et al. (2015) demonstrated
that peroxisome proliferator activator receptor gamma (PPARG), a nuclear factor
that binds to prostaglandins, is an essential regulator of conceptus proliferation and
survival. In addition, conceptus development and elongation in sheep is severely
comprised when endometrial and conceptus prostaglandin production is inhibited
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Fig. 5 During the peri-attachment period of conceptus elongation and expansion within the uterine
lumen, apposition of the conceptus trophoblast (Tr) to the uterine luminal epithelium (LE) is aided
by the development of trophoblastic papillae into the endometrial glands of sheep and cattle. (a)
Immunofluorescence staining E-cadherin (green) and PCNA (red) of a serial section from a day-18
sheep pregnant uterus containing an expanded conceptus (10x). The intensive PCNA staining of
the growing conceptus shows the close of apposition of the trophoblast to the LE and the extension
of a trophoblastic papilla into the mouth of an endometrial gland. The insert image displays the
trophoblast expression of IFNT (green fluorescence) to illustrate the depth of the papilla penetration
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with a PTGS2-specific inhibitor during the peri-attachment period (Dorniak et al.
2011). The progesterone-driven uterine transcriptome, proteome, lipidome, and
metabolome play a critical role in conceptus growth and elongation essential to
downstream placental development and survival.

Elongation of the bovine and ovine conceptus through the ipsilateral uterine horn
on days 15 to 18 of pregnancy is critical to not only provide the essential uterine
surface area for adequate nutrient and oxygen exchange but to inhibit luteolysis and
extend progesterone production beyond the length of the estrous cycle. Maternal
recognition of pregnancy in ruminants requires not only rapid growth, elongation,
and apposition across the uterine lumen surface (Fig. 6a), but conceptus expression
and secretion of the type 1 interferon tau (IFNT) (Fig. 6d) to prevent regression of the
CL (see Spencer and Hansen 2015).

During the estrous cycle and early pregnancy, progesterone receptor (PGR) is
expressed in the endometrial stroma cells, but no PGR expression is observed in the
LE or GE (Fig. 6¢). Loss of epithelial PGR in cyclic females allows upregulation of
estrogen receptor, and follicular estrogen production stimulates an increase in
endometrial oxytocin receptor expression. The release of prostaglandin F2a
(PGF20q) initiates release of oxytocin from the CL which forms a positive feedback
loop for increased pulsatile release of endometrial PGF2a leading to luteolysis
(Spencer and Hansen 2015). Briefly, during establishment of pregnancy (days
12—-15 in sheep and 15-21 in cattle), conceptus growth (Fig. 5b) drives expansion
and apposition to the endometrial LE (Fig. 6a) and positions the trophoblast so that
secreted IFNT (Fig. 6a, d) can bind to type 1 IFN receptors present on the endome-
trial LE inhibiting the transcription of estrogen receptor alpha (ESR1) (Fig. 6e).
Inhibition of ESR1 prevents establishment of the positive feedback loop necessary
for the pulsatile release of PGF2a from the endometrium preventing luteolysis
(Spencer and Hansen 2015). Conceptus secretion of IFNT can also help regulate
the endometrial transcriptome and possibly regulate immune function to prevent
rejection of the semi-allograft fetus (Bazer et al. 2015, 2020).

<
«<

Fig. 5 (continued) down into the endometrial gland (10x). (b) Cartoon illustration of apposition of
the ruminant conceptus before attachment of the trophoblast to the uterine LE on day 20 of
gestation. The development of the cone-shaped trophoblastic papilla into the mouth of the uterine
glands is proposed to anchor the conceptus during elongation and expansion and provides absorp-
tion of glandular secretions. Left insert: scanning ECM of the openings of uterine glands on the
endometrial surface of a heifer. Right insert: immunohistochemical section of a papilla extending
into uterine gland during early pregnancy. LE luminal epithelium, GE glandular epithelium, St
stroma
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Fig. 6 Top panel: During early pregnancy in sheep, the mononuclear cells of the placental
trophectoderm synthesize and secrete interferon tau (IFNT), the signal for maternal recognition of
pregnancy. (a) Paraffin-embedded thin section of an elongated, attaching conceptus within the
uterine lumen of a day-18 pregnant sheep that has been immunofluorescence stained for IFNT
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4 Conceptus Attachment and Placental Formation

The initial attachment between bovine trophoblast and uterine surface epithelium is
evident on days 18 to 21 (King et al. 1980). With continued development and
differentiation of the chorion, firm attachment occurs through interdigitation of the
microvilli with the epithelium of the caruncular and intercaruncular areas of the
uterine lining. At this point in development, the tips of the chorion extend throughout
both uterine horns (King et al. 1982).

During implantation in the mouse, attachment to the uterine luminal epithelial
surface involves progesterone induced loss of the antiadhesive MUC1 which serves
as a physical interference at the LE for attachment (Surveyor et al. 1995). Expression
of MUCI is not downregulated by progesterone in the LE of sheep during the
midluteal stage of the estrous cycle but is reduced at the conceptus—endometrial
surface interface in association with conceptus IFNT production (Raheem et al.
2016). Loss of MUCT allows cell to cell interactions with adhesion factors such as
integrins, which are needed to facilitate attachment (Kim et al. 2010; Johnson et al.
2001, 2014). Multiple molecules such as GlyCAM (Spencer et al. 1999a, b),
cadherins, galectin-15 (LGALS15), and secreted phosphoprotein 1 (SPP1) are
proposed to form complexes with integrins and glycoconjugates expressed on the
aligned apical surfaces of the trophoblast and LE (Johnson et al. 2018; Spencer et al.
2004a, b).

The apical surfaces of the interface between the endometrial LE and placenta can
express integrin receptors avp3, avpl, avbs, adpl, and a5P1 during conceptus
attachment and throughout gestation in sheep (Johnson et al. 2001; Burghardt
et al. 2009). Endometrial expression of SPP1, also known as osteopontin, serves
as a crosslinker to bind the cellular integrin receptors together (Fig. 7a). Seo et al.
(2020) found that avp3, avf5s, and adp1 (Fig. 7b, c) serve as the integrin receptors
for conceptus attachment during the peri-implantation period of pregnancy in sheep.
Only B3 is exclusively limited to the apical surface of endometrial LE during the
period of peri-attachment suggesting a specific role of B3 during attachment of
conceptus. Interestingly, 5 expression is present in the LE and extends down into
the openings of the GE. It is possible that 5 integrin associates with trophectoderm

<
Y

Fig. 6 (continued) (green), and stained with DAPI (blue) for histological reference. The conceptus
is attached to the LE of a glandular intercaruncular area of the endometrium with the papillae
extending in the mouth of uterine glands and luminal epithelium (LE) of the nonglandular caruncle
(Car). Higher magnification of the same implantation site illustrating (b) multiple proliferating
conceptus trophectoderm cells [proliferating cell nuclear antigen (PCNA)], but few proliferating
endometrial LE cells, (¢) progesterone receptors (PGRs) are expressed by the endometrial stromal
cells, but no PGR expression is observed in the LE or glandular epithelium (GE), (d) IFNT
expression by trophectoderm cells, and (e) The classical interferon stimulated gene [signal trans-
ducer and stimulator of transcription 1 (STAT1)] expression by cells in the stroma (St), but no
expression of STATI by LE cells. (Immunofluorescence staining was performed by Dr. Heewon
Seo, Department of Veterinary Integrative Biosciences, Texas A&M University)
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Fig. 7 Immunofluorescence microscopy illustrating the distribution of (a) SPPI, (b) av integrin,
and (c) p1 integrin (red) and E-cad (green, immunostained endometrial luminal epithelial (LE) cells)
at the endometrial—placental interface on day 60 of pregnancy in the sheep (10x). (d) Immunohis-
tochemical localization of galactin-15 (LGALS15) in the sheep endometrium and conceptus on day
16 of pregnancy. CE chorionic epithelium. (The images in this figure adapted from Seo et al. 2020
and Gray et al. 2004)

papillae that anchor the conceptus during elongation and help provide absorption of
glandular secretions during early development.

Galectin-15 has a carbohydrate recognition domain that binds to beta-
galactosides (Cooper 2002) and contains sequences that can interact with integrins
(Spencer et al. 2004a, b). In sheep, the conceptus and placenta do not produce
LGALSIS which is specifically expressed by endometrial LE and superficial GE
(Gray et al. 2004). The endometrial LGALS1S is secreted into the uterine lumen
throughout pregnancy where it is absorbed by trophoblasts and utilized in cell
adhesion or internalized to regulate cell growth, differentiation, and apoptosis
(Fig. 7d). LGALSI15 is absent in placentomes when the caruncular surface is devoid
of LE during syncytial formation (Gray et al. 2004). However, LGALS1S5 is present
in the intercaruncular area of the endometrium when the LE are reestablished.

During the peri-attachment period, the yolk sac develops from days 18 to 23 of
gestation (Wrobel and Suess 1998) to provide the initial vascular system to transfer
nutrients to the developing embryo (Assis Neto et al. 2010). The yolk sac provides
the vascular transport of blood and nutrients to the developing embryo and it is also
the source of primordial germ cells (Kritzenberger and Wrobel 2004). It also
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contributes specific proteins and metabolites to the developing embryo (Manganares
et al. 2013; Galdos-Riveros et al. 2015). Attachment of the chorion to the uterine
surface is closely followed by a projection of extraembryonic splachnopleure from
the embryo hindgut (Fig. 4a) which initiates allantois formation on day 21 of
gestation (Maddox-Hyttel et al. 2003). The fluid-filled vascular allantois rapidly
expands throughout the extraembryonic coelom (Fig. 8), while the yolk sac concur-
rently regresses becoming vestigial by day 55 although it is still present at term
(Assis Neto et al. 2010). The chorion and allantois mesenchyme fuse to form the
vascular chorioallantoic placenta from day 26 to 60 of gestation which will be
present throughout the remainder of gestation (Fig. 8). The accumulation of fluid
in the allantois serves to expand the chorioallantoic membranes forcing apposition
into the intercaruncular and caruncular surface of the maternal endometrium. Fluid
within the amnion is a different composition compared to the allantois (Fig. 8) where
it functions to provide a protective environment for embryo/fetal development.
Ligation of the urachus from the fetal kidney within the umbilical cord results in
the loss of allantoic fluid during late pregnancy in sheep. The passage of fluid from
the embryonic kidney through the urachus in the umbilical cord has led to the
misconception that the allantois functions as a reservoir for fetal waste. However,
the kidney only redistributes fluid as the maternal vasculature provides the water for
the fetus and placenta (Bazer 1989). The allantois contains ions, carbohydrates
(glucose, fructose), and amino acids as well as selective proteins and hormones
(Bazer et al. 1981; Bazer and Johnson 2018). Therefore, the allantois provides a
reserve of nutrients essential for the rapid demands of fetal growth throughout
gestation in ungulates. Fluid in the amnion and allantois may also be transported
directly through aquaporin water channels expressed in the chorioallantois (Zhu
et al. 2015). Expression of transporters for ions, glucose, and amino acids in the
chorioallantoic membranes contributes to maternal transfer of electrolytes, glucose,
amnio acids, and nutrients (Bazer et al. 2012).

As the placental membranes continue to grow, fluid volumes of the amnion and
allantois increase and change throughout gestation in cattle and sheep. In cattle,
allantoic fluid volume increases from 50 mL on day 30 to 600 mL by day 100 while
amnion fluid volume reaches 450 mL (Eley et al. 1978). In cattle, fluid volume is
over 5 L within the allantois and 2 L in the amnion during late gestation (day 260)
with total volumes reaching 9 L near term (Rasby et al. 1990). In sheep, there is a
similar increase in allantoic fluid volume from day 25 to 40 (21 to 91 mL) as the
allantois expands within the chorion, but the fluid volume declines by day
70 (32 mL) (Gresham et al. 1972). A second increase in allantoic fluid volume
continues to near term on day 140 (438 mL). These dynamic changes in allantoic
fluid volume likely impact development and growth of the placenta and fetus.
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Fig. 8 Placental development during pregnancy in cattle. The fluid-filled allantois expands
throughout the chorion which is attached to the entire uterine lumen by day 28 (Insert demonstrates
the embryo enclosed in amnion). Although there is some growth of the maternal caruncles,
chorionic cotyledons are not visually obvious at this time. The developing embryo is contained
within the fluid-filled amnion (the red color which helps highlight the amnion is cause by hemolysis
during handling). Cotyledons, which are largest near the amnion, are present on the chorion by day
55. Growth of the chorionic cotyledons occurs from the amnion toward the tips of the chorioallan-
tois. The cotyledons are well developed in the contralateral uterine horn at this time. By day 80, the
growing cotyledons and uterine caruncles forming the placentomes are developed throughout both
uterine horns. (Photo of day 28 bovine embryo (insert) and day 80 bovine placenta were provided
by The Drost Project The Visual Guides of Animal Reproduction (visgar, vetmed.ufl.edu))
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The expansion of the chorioallantois brings the chorion into close contact with
glandular intercaruncular regions and aglandular caruncular (consisting of connec-
tive tissue formations covered by columnar epithelium) areas of the ruminant
endometrium (Fig. 9a). The firm attachment of the chorion involves interdigitation
at the microvillar junctions between the LE and chorionic epithelium (Fig. 9b). The
chorion overlaying the openings to the uterine glands differentiate into areolae
(Fig. 9c), which are involved with uptake of secretions into the capillaries of the
chorioallantosis (Johnson et al. 2018). In cattle, the chorion does not significantly
infiltrate into the endometrial caruncles until after day 30 of gestation (King et al.
1979), and the cotyledonary attachments are not visible on the chorioallantois at this
time (Fig. 8). From day 33 to 50 of gestation, the initial attachments between
trophoblasts and caruncles are reinforced, and the surface area increases as the
chorionic villi (cotyledons) penetrate into septa within the caruncular endometrium.
The villi increase in length and undergo extensive branching (Figs. 8 and 9d-f).
Simultaneously, development of an extensive blood supply in the villi produces
mature “placentomes,” which serve as the main site of exchange for easily diffusible
nutrients, waste disposal, and for meeting the oxygen demands of the developing
fetus (King 1993; Leiser et al. 1998). The size of the placental cotyledons is largest
near the amnion where cotyledon formation is first initiated and then spreads towards
the tips of the chorion (Fig. 8). Since cotyledons represent the most visually apparent
aspect of the mature ruminant placenta, it is also described as a “cotyledonary
placenta.” The only animals in Ruminantia that do not have a cotyledonary placenta
are in the Tragulidae family (e.g., the mouse deer); however, these animals do have
giant binucleate trophoblast cells or BNC (described below) (Kimura et al. 2004).
Potentially, the tragulid placenta represents an intermediate form between the
epitheliochorial and the cotyledonary placentas of swine and most ruminants,
respectively.

6 Trophobast BNC Differentiation and Syncytial
Formation

Grosser initially described the ruminant placenta as “syndesmochorial” (Grosser
1909, 1927). He had concluded that the uterine epithelium was lost during ruminant
placental establishment and that there was direct apposition of trophoblast with the
maternal connective tissue. Subsequently, Wooding and others concluded that the
uterine epithelium was altered, but appeared to have remained, albeit sometimes in
altered form (Wooding 1982a, b, 1984). Instead of an erosion of uterine epithelium,
these histological scientists suggested that there was a fetomaternal syncytial cell
layer. Consequently, the term “syndesmochorial placenta” was revised to
“synepitheliochorial placentation”; where ‘“syn” stands for the syncytium and
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otyledonaryVilli

Syncytial Epithelium =&

Caruncular Crypt

Fig. 9 Attachment and development of the chorioallantois to the intercaruncular and caruncular
regions of the uterus. (a) Attachment of the trophoblast to the aglandular carnunclar region of the
uterus on day 21 of pregnancy in cattle (Reprinted/adapted with permission from Journal of
Reproduction and Fertility, King et al. 1980), (b) bovine chorionic epithelium attachment to the
uterine intercaruncular LE and syncytial plaque formation on day 20 of gestation, (¢) day 60 cho-
rionic areola of a sheep showing absorption of SPP1 secreted by the uterine glands (see Frank et al.
2020 for a detailed description of this pattern of expression), (d) day 35, (e) 80 placentome
development in sheep, and (f) Penetration of the cotyledonary villi into the caruncular crypts of a
bovine placentome. 77 trophoblast, LE luminal epithelium, GE glandular epithelium, St stroma, CE
chorionic epithelium, Syn syncytial plaque

“epitheliochorial” signifies the persistence of recognizable fetal and maternal epi-
thelia at the fetal-maternal interface (Wooding 1992).

During the peri-attachment period of conceptus development, a number of mono-
nuclear cells within the trophoectoderm begin to differentiate into BNC (Fig. 10a)
(Spencer and Hansen 2015). The BNCs appear around day 16 pc in sheep (Boshier
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Fig. 10 Interactions between trophoblast giant “binucleated” cells (BNC) and uterine LE cells at
the interface between fetal trophoblasts and maternal endometrium. Panels a, b, and c¢ are interface
images from sheep that were harvested during early pregnancy (after attachment) which were
double immunofluorescence stained for PAG (green) and E-cadherin (red) at attachment sites
between day 17 and day 20 of pregnancy. Panels d, e, and f are interface images from cattle that
were harvested at various times during the first trimester of pregnancy which were immunostained
for PAG with eosin counterstaining to reveal the cells present at the interface. (a) Within the
trophoblast layer, multiple PAG-stained BNCs are present on day 17 of pregnancy. A BNC has
migrated through the microvillar junction between the trophoblast and LE into the uterine LE cell
layer (white arrow). (b) On day 20, there is extensive migration of BNCs into the uterine LE. (c)
Uterine attachment site on day 20 where the uterine LE cells are being absorbed and replaced by
migrating BNC forming a syncytial plaque. (d) Immunostaining of PAG at the bovine caruncular
interface of the chorion and LE on day 35 of pregnancy. At this stage, cotyledons are just beginning
to project into caruncles to begin placentome formation. A syncytium is present at the interface but
syncytia are rarely observed after approximately day 40 of gestation in cattle. However, BNC fusion
resulting in the formation of short-lived trinucleated cells continues throughout the remainder of the
pregnancy. (e) Immunostaining of BNC PAG within a day-60 placentome. The section illustrates
the cotyledonary villi containing BNC that have projected into the crypts of the uterine caruncles.
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1969), day 18 pc in goat (Wango et al. 1990), and day 19 to 20 pc in cattle
(Greenstein et al. 1958). The BNC arise from the mononuclear trophectoderm
cells through karyokinesis without cytokinesis (endoreduplication) or from mitotic
polyploidy (Wooding and Flint 1994; Wooding et al. 1997; Spencer et al. 2010).

After formation of a vascularized chorioallantois, the BNCs represent approxi-
mately 15-20% of the chorionic epithelium, and these numbers remain relatively
constant throughout gestation (Wooding et al. 1986; Wooding 1992; Wooding and
Flint 1994). The BNC is a terminally differentiated cell, but it does undergo
additional maturation. Along with two nuclei, it has an extensive rough endoplasmic
reticulum and large golgi bodies that give rise to large numbers of cytoplasmic
granules that make up almost 50% of the cell volume. When fully matured, the BNC
migrates through the microvillar junctions between the trophoblast and luminal
epithelia (Fig. 10a, b and f). They fuse with an uterine epithelial cell (Fig. 10b, f)
to create a fetomaternal trinucleate cell (TNC) (Wooding 1987) (Fig. 10c, f). After
the fusion, the secretory granules of the BNC transit towards the maternal side of the
nascent TNC (Wooding 1987) to be expelled toward the maternal stroma. Following
fusion, the TNC reforms part of the apposition with the adjacent trophoblast cells,
which maintains an intact barrier between the two interfacing epithelia (Wooding
1987).

After the formation of trinucleate cells, binucleate cell migration and fusion can
continue, which leads to the establishment of syncytial plaques (Fig. 10c, d)
(Wooding 1984). The extent of syncytium formation differs between species. In
sheep, the syncytial plaques are quite extensive; these contain up to 20-24 nuclei and
they persist throughout pregnancy (Morgan and Wooding 1983). In cattle, syncytial
formation is actually limited (Fig. 10d). No extensive syncytium is present beyond
approximately day 40 of gestation (King et al. 1979; Wathes and Wooding 1980;
King et al. 1982). After that time, only short-lived TNCs are formed (Fig. 10e, f) and
these are soon replaced by epithelial cells (Wooding and Wathes 1980). The
situation differs somewhat in small ruminants, such as sheep and goats. In the
intercotyledonary regions, syncytial plaques are found initially, but they are soon
replaced by uterine epithelium (King et al. 1981; King and Atkinson 1987; Wooding
and Flint 1994). Afterwards, migrations and fusion of BNCs with uterine epithelia
result in the formation of TNCs, but not a syncytium. In the placentomal regions of
sheep, the syncytia persist at the interface throughout the pregnancy (Fig. 10c). The
origins of the syncytia continue to be studied, and recent work suggests that further

Fig. 10 (continued) Note the LE of the crypts is intact and there are no syncytial plaques as occurs
throughout pregnancy in sheep. (f) Immunostaining of BNC PAG within a day-75 placentome.
Note a newly formed BNC (*) that has initiated PAG synthesis. A trinucleated cell arising from
recent migration of a BNC that has integrated within the LE of the caruncular crypt is indicated by
black arrow. 7r mononuclear trophoblast cells, BNC binucleated trophoblast giant cell, TNC
trinucleated cell, LE luminal epithelium, CE cotyledonary epithelium (trophoblast), Syn syncytium,
E-cad E-cadherin (red fluorescence, stains mononuclear trophoblasts, and LE), PAG pregnancy-
associated glycoproteins
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refinements of our understanding of ruminant placentation may be warranted. There
is some evidence that uterine epithelia in the caruncles may not be part of the
syncytial plaques at the interface of sheep (Seo et al. 2019). Of note, colocalization
studies provided some evidence that the LE are eliminated and the syncytium itself is
comprised of multinucleated syncytiotrophoblast entirely of placental origin (Seo
et al. 2019).

As was mentioned previously, the giant trophoblast BNCs represent a cell type
that contributes to the unique aspects of the placental form of ruminants. Numerous
studies have started to reveal some of the mechanisms underlying the origins and
functions of the ruminant-specific BNCs. For example, endometrial and conceptus
expression of endogenous retroviruses (ERVs) are proposed to serve a role in
placenta morphogenesis (Black et al. 2010) and the migration and fusion of BNC
to the surface epithelium in the carunculuar and intercaruncular areas of the uterus
(Dunlap et al. 2006a; Spencer et al. 2010). Syncytins, which are expressed by
envelope genes of retroviruses and have fusogenic activity, may have a role in
placentation. Syncytin-Ruml, for which expression is specific to BNC, is associated
with the synepitheliochorial placenta of ruminants and is not detected in other
Cetartiodactyla or primates and rodents (Cornelis et al. 2013; Mi et al. 2000).
Endogenous Jaagsiekte sheep retrovirus (enJSRVs) is expressed by both uterine
luminal and glandular epithelia (Palmarini et al. 2001; Spencer et al. 2010) as well as
in the conceptus trophectoderm (Dunlap et al. 2005). enJSRVs are abundantly
expressed in the trophoblast giant BNC and the synytial plaques that arise from
them. The receptor for both JSRV and enJSRVs Env, hyaluronoglucosaminidase
2 (HYAL2), is detectable in the BNC and the multinucleated syncytial plaques
(Dunlap et al. 2005). Spencer et al. (2010) proposed that the formation of
trinucleated fetomaternal hybrid cells arose when co-expressed enJSRVs env and
HYAL?2 initially fuse with endometrial luminal epithelial (LE) cells that are
expressing enJSRVs env. It is worth noting that loss of enJSRVs env expression
compromises conceptus growth and implantation in sheep (Dunlap et al. 2006b).

In addition to their contribution to the syncytia and formation of placentomes, it is
important to note that BNCs produce steroid (progesterone), prostaglandin (PGI2,
PGE2), and protein hormones [placental lactogens or chorionic
somatomammotropin hormone one (CSH1)], as well as proteins without a clearly
understood function (e.g., pregnancy-associated glycoproteins; PAGs) (Duello et al.
1986; Green et al. 2000; Reimers et al. 1985; Wallace et al. 2015; Wooding et al.
2005; Xie et al. 1991) (Fig. 10d—f). The latter are packaged in the BNC secretory
granules. After fusion, the granules are released toward the uterine connective tissue.
The PAGs can accumulate in the uterine stroma; they can also enter the maternal
circulation (Wooding et al. 2005; Green et al. 2005). Their accumulation in the
maternal blood within a few days after BNCs begin to appear in the chorion has
made these proteins useful markers of pregnancy in ruminants (Green et al. 2005;
Sasser et al. 1986; Zoli et al. 1992). Indeed, the circulating abundance of the PAGs
appears to be correlated with placental function or viability of the pregnancy. The
amount of certain PAGs at key stages in early pregnancy of cattle can serve to predict
which cows are likely to spontaneously abort the pregnancy (Pohler et al. 2013,
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2016a, b). Recent evidence supports a dual role for placental lactogen (CSH1) for
paracrine effects to stimulate uterine gland secretions for embryonic and placental
development (Spencer et al. 1999a, b, 2004a, b; Kelleher et al. 2019).

Thus, trophoblast BNCs have two principal functions: (1) primary contributors to
the fetomaternal syncytium required for successful implantation and placentome
formation and (2) production and delivery of protein and steroid hormones and
numerous other proteins of unknown function to the maternal and fetal systems.

7 Summary

It is hoped that this chapter has provided the reader with an appreciation of the
similarities and differences in embryo/conceptus development, attachment to the
uterine endometrium, and subsequent placental development, between ruminant
ungulates and the other mammals described in this book. Placentomes, BNCs,
fetomaternal hybrid cells, and multinucleated syncytial plaques are distinguishing
features of the cotyledonary placenta of Ruminantia. These modifications relative to
other epitheliochorial forms within the Artiodactyla order likely reflect the rapid
evolution of placental forms, even within the same phylogenetic order. The placenta
is considered one of the most rapidly evolving mammalian organs (Roberts et al.
2016; Haig 1996). Among other things, these differences are probably driven by the
selection of large, rapidly evolving gene families, the acquisition of endogenous
retrovirus-derived genes, and the rapid evolution of placenta-specific enhancers
(Roberts et al. 2016; Telugu and Green 2007). There are no structures comparable
to placentomes in the placentas of other artiodactyls. Likewise, giant trophoblasts
and the syncytial plaques they form are unique aspects of this placental form.

The fusion of BNCs with uterine epithelial cells or the establishment of syncytial
plaques in place of an intact uterine epithelium is the extent of invasive implantation
in ruminant ungulates. Even so, these alterations would change how the ruminant
conceptus interacts with the maternal system. The nature of these interactions
(immunological, endocrinological, etc.) is very different in many ways to that
observed in pigs, whales, and camels, where erosion of the uterine epithelium does
not occur (Roberts et al. 2016; Telugu and Green 2007).
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Abstract In the domestic dog, placentation arises from central implantation, pass-
ing through a transitional, yet important stage of choriovitelline placenta (yolk sac
placenta), on the way to the formation of the definite, deciduate, zonary (girdle)
allantochorionic endotheliochorial placenta.

Sharing some similarities with other invasive types of placentation, e.g., by
revealing decidualization, it is characterized by restricted (shallow) invasion of
trophoblast not affecting maternal capillaries and maternal decidual cells. Thus,
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being structurally and functionally placed between noninvasive epitheliochorial
placentation and the more invasive hemochorial type, it presents an interesting and
important model for understanding the evolutionarily determined aspects of mam-
malian placentation. More profound insights into the biological mechanisms under-
lying the restricted invasion of the fetal trophoblast into maternal uterine structures
and the role of decidual cells in that process could provide better understanding of
some adverse conditions occurring in humans, like preeclampsia or placenta
accreta. As an important endocrine organ actively responding to ovarian steroids
and producing its own hormones, e.g., serving as the source of gestational relaxin or
prepartum prostaglandins, the canine placenta has become an attractive research
target, both in basic and clinical research. In particular, the placental feto-maternal
communication between maternal stroma-derived decidual cells and fetal tropho-
blast cells (i.e., an interplay between placenta materna and placenta fetalis) during
the maintenance and termination of canine pregnancy serves as an interesting model
for induction of parturition in mammals and is an attractive subject for translational
and comparative research. Here, an updated view on morpho-functional aspects
associated with canine placentation is presented.

Keywords Domestic dog - Canis familiaris - Placenta - Morphology - Function

1 Introduction

Despite its distinctive structure among domestic animal species, rendering it a
unique model for comparative and evolutionary studies, it is only recently that the
canine endotheliochorial placenta has become an attractive target for researchers, in
particular those dealing with canine reproduction. The clinical interest and research
efforts in understanding canine reproduction were initially mostly directed towards
endocrine mechanisms governing ovarian function, as a measure for monitoring
and/or controlling reproduction (Hoffmann et al. 2004; Papa and Hoffmann 2011;
Klein et al. 2003). This was predominantly due to the fact that ovaries are the only
source of circulating steroids in pregnant and nonpregnant canine cycles (Hoffmann
etal. 1994). Currently, deeper knowledge has been acquired regarding the functional
relationship between ovarian steroids and placenta in the establishment and mainte-
nance of canine pregnancy (Kowalewski 2014; Kowalewski et al. 2020). Moreover,
starting with early placentation, the fetal part of the placenta becomes a source of
relaxin (RLN), the only currently known endocrine marker of canine pregnancy,
originating in the fetal trophoblast (Nowak et al. 2017). The luteolytic parturition
cascade is initiated from the placenta responding to decreasing circulating proges-
terone levels and leading to prepartum output of prostaglandins (Kowalewski et al.
2010; Gram et al. 2013, 2014a). Thus, expectedly, although still less explored than in
other species, the canine placental feto-maternal exchange goes way beyond being a
communication interface between the mother and the fetus. Despite not producing its
own steroids (in fact dog is the only domestic animal species devoid of placental
steroidogenic activity), the canine placenta responds to circulating steroids and
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produces its own hormones, and thus, clearly serves as an important, previously
underestimated, endocrine organ. The responsiveness to steroids is an important part
of the placental feto-maternal communication and is associated with initialization of
the prepartum luteolytic cascade. The species-specific decidualization and the mater-
nal decidual cell-bound expression of nuclear progesterone and estrogen receptors
play an important role in this cascade by regulating fetal prostaglandin synthesis
(Nowak et al. 2019).

The two perspectives, evolutionarily determined morphology positioning the
canine placenta between the less invasive epitheliochorial and more invasive
hemochorial placentation types, together with species-specific endocrine function,
make the canine placenta an interesting model indeed for comparative studies. Some
clinical conditions, like the human placenta accreta or canine subinvolution of
placental sites (SIPS), bear similarities, while a deeper understanding of the shal-
low/restricted invasion of the fetal trophoblast into maternal endometrial structures
and the role of decidual cells in that process could provide a better understanding of
human preeclampsia (Kutzler et al. 2012).

Taken together, understanding the morphology and function of the canine pla-
centa may play a key role in managing pregnancy outcomes, thereby regulating
reproduction in dogs. Additionally, a canine model of decidualization and shallow
invasion could serve important roles in translational research. Here, an updated view
on the morpho-functional aspects of canine placentation is presented, highlighting
the underlying feto-maternal interrelationship in response to endocrine insult.
Accordingly, some related comprehensive reviews have been published recently,
dealing with canine conceptus-maternal communication (see e.g., (Kowalewski et al.
2015, 2020)) and highlighting the endocrine events associated with canine pregnant
and nonpregnant cycles (Kowalewski 2014, 2017, 2018; Papa and Kowalewski
2020).

2 Endocrinological Milieu During Implantation
and Placentation

In order to better understand the morpho-functional aspects of canine placentation, it
is important to consider the species-specific endocrinological context of the estab-
lishment and maintenance of canine pregnancy.

Quite peculiar compared with other domestic animal species, the hormonal
environment associated with the canine reproductive cycle is similar in pregnant
and pseudopregnant bitches, particularly in the early diestrus when embryonic
development, implantation, and placentation take place. Similar circulating proges-
terone levels are observed in both situations, and luteolysis does not occur in
nonpregnant dogs (Concannon et al. 1975). Due to similar progesterone profiles
throughout most of the canine pregnancy, there is no classical recognition of
pregnancy in this species, understood as a biological mechanism avoiding luteolysis
and extending the luteal lifespan beyond the corpus cyclicum stage. Instead, the
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morphological and functional interplay between the three entities, i.e., the uterus,
embryo, and the corpus luteum, preventing embryonic rejection, has recently been
proposed as a more suitable definition of maternal recognition of pregnancy in the
dog (Kowalewski et al. 2015). Progesterone levels observed in the peripheral blood
are high compared with other domestic animal species. They increase prior to
ovulation as a sign of exceptionally strong preovulatory luteinization (compared to
other species) and reach peripheral levels of at least 5 ng/mL at the time of ovulation
(reviewed in (Kowalewski 2018)). Ovulation takes place 2-3 days after the initial
LH surge, and unlike other domesticated species, primary oocytes are released from
the ovaries. As in other Canidae, the first meiotic division is completed within
2-3 days in the oviduct and secondary oocytes can be fertilized (Kowalewski et al.
2015). Following ovulation, progesterone concentrations continue to rise rapidly,
reaching levels of above 30 ng/mL (Kowalewski 2018) when corpora lutea are fully
developed. The pregnancy lasts on average 60 days and is entirely dependent on the
luteal progesterone supply, as the placenta is devoid of steroidogenic activity
(mentioned elsewhere) (reviewed in (Kowalewski 2014, 2017, 2018; Kowalewski
et al. 2015)). Following their highest steroidogenic output, during the second half of
diestrus, corpora lutea (same for the corpus cyclicum and corpus graviditatis)
undergo gradual regression, mirrored in decreasing peripheral progesterone levels
(Kowalewski 2014, 2017). The progesterone secretion profiles begin to differ
between pregnant and nonpregnant dogs during prepartum luteolysis, when the
steep progesterone decline, 12—24 h prior to term, signals the onset of parturition.
Conversely, there is no active luteolytic process in nonpregnant bitches, and there-
fore, pseudopregnancy can last as long as pregnancy or longer. Then, during the
extended luteal regression, progesterone levels fade slowly, until circulating con-
centrations of <1 ng/mL, per definitionem, signal the onset of anestrus (an obligatory
quiescence period).

Considering the strongly increasing progesterone levels before, and continuing
after ovulation, the canine uterus is exposed to high concentrations of this hormone
prior to implantation and placentation. However, the spontaneous, progesterone-
driven decidualization observed in humans does not exist in the dog. Instead, similar
to rodents, decidualization is induced by embryo presence (Graubner et al. 2017a, b;
Kautz et al. 2014). Similarly, in vitro, progesterone does not seem to be a strong
inducer of decidualization in the dog (Graubner et al. 2020), although it does appear
to modulate the expression of some decidualization markers, e.g., prolactin receptor
(PRLR), as well as the expression of its own nuclear receptor, PGR (Graubner et al.
2020), thereby apparently regulating its own biological availability. Furthermore,
there is no pregnancy-associated increase in estrogens, nor is parturition associated
with elevated estrogen levels (Hoffmann et al. 1994). Interestingly, in naturally
estrogenized bitches, further estrogen supply is not required for implantation and
placentation to occur (Concannon et al. 2001). Conversely, luteal progesterone is
continuously required for the oviductal development of early embryos and through-
out pregnancy. Interfering with its functionality leads to retardation of embryo
development or, at later stages, to prepartum luteolysis/abortion (Kowalewski
et al. 2009, 2010; Baan et al. 2005; Reynaud et al. 2015). The similar secretion
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profiles of circulating steroids in pregnant and pseudopregnant bitches preclude
them as markers of pregnancy. Similarly, increasing levels of prolactin (PRL),
typically higher in pregnant bitches than during pseudopregnancy, cannot be used
as a marker of pregnancy, because higher concentrations of PRL can be observed in
overt pseudopregnancy. This renders RLN as the only usable marker of pregnancy
so far (Steinetz et al. 1989).

3 Embryo-Maternal Communication Before Implantation
and Placentation

Despite the lack of classical recognition of pregnancy, as in other species, the canine
embryo needs to communicate its presence in order to not be rejected.

Canine embryos cross the uterotubal junction relatively late, around 7-8 (up to
10) days after fertilization. At this time, they can be at a wide range of embryonic
stages, e.g., 16 cells, morula or blastocyst (reviewed in (Kowalewski et al. 2015)).
Their uterine migration can last for a further 9-10 days, during which their devel-
opment becomes more synchronized, so that by day 14, at the latest, all blastocysts
are hatched. The apposition starts within 12—-14 days of embryonic life. Subse-
quently, about 17-18 days after fertilization, implantation takes place and embryos
invade the uterine wall, leading to placentation (reviewed in (Kowalewski et al.
2015)).

A deeper insight into early embryo—maternal communication has been provided
by genomic analysis of global transcriptome changes in the uterus, associated with
the presence of early free-floating (i.e., preimplantation) embryos (days 10-12)
(Graubner et al. 2017a). The two functional terms most strongly enriched in the
preimplantation uterus in response to embryo presence are related to extracellular
matrix remodeling, followed by immune and inflammatory responses (for details see
in (Graubner et al. 2017a)). Based on these observations, it seems that, in contrast
with humans, for example, early free-floating embryos induce biochemical and
functional, rather than morphological changes in the uterus (Graubner et al. 2017a;
Kautz et al. 2014). It is only following implantation that the more intimate embryo—
maternal contact is initiated, as reflected in the first morphological signs of
decidualization (Graubner et al. 2017b) (elaborated more in detail below). As a
sign of ongoing matrix remodeling prior to implantation, the expression of some
ECM-related factors, e.g., ECM1, TIMP2/4, or LAMA?2, was positively affected by
the presence of free-floating embryos, whereas FN1 expression was decreased,
cumulatively apparently contributing to the uterine tissue rearrangement (Graubner
etal. 2017a, 2018). On the other hand, expression of structural collagens (COL) such
as COL1, —3, and —4 and factors involved in cell-to cell communication (e.g.,
connexin (CX) 26 and —43) was not affected by the presence of embryos during
early (pre-attachment) pregnancy (Graubner et al. 2018). Apart from the altered
expression of some immune-related factors in response to free-floating embryos
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(e.g., IL4, IFNy, AIF1, CXCL16, CXCR7, or IDO; (Graubner et al. 2017a;
Schafer-Somi et al. 2008, 2020)), most recent data from our laboratory (Tavares
Pereira et al. 2021a) suggest the presence of embryo-driven, controlled pro-inflam-
matory signaling during the pre-attachment period, with T helper cells prevailing
over cytotoxic CD8 cells. The immunosuppressive regulatory T and natural killer
(NK) cells appear to play an important role at the time of implantation (Tavares
Pereira et al. 2021a).

4 Structural Remodeling of the Uterus and Development
of an Intimate Embryo-Maternal Interface During
Implantation and Placentation

4.1 Implantation, Initialization of Decidualization,
and Formation of Maternal Decidual Cells

Implantation is central in the dog; blastocysts grow, remain in the uterine cavity, and
come into circumferential contact with the uterine surface (Amoroso 1952). As a
sign of the direct embryo—maternal communication, the subepithelial morphological
transformation of the stromal compartment begins at the time of implantation (days
17-18 after fertilization) (Graubner et al. 2017b). The mesenchymal-epithelial
transition of the uterine stromal compartment, described previously for humans
(Yu et al. 2016), is an apparent sign of decidualization and is characterized by
increased expression of COL4, ECM1, and CX43 in decidualizing cells and sup-
pression of NEP/CD10 expression (Graubner et al. 2020; Payan-Carreira et al.
2014). During this process, the uterine stromal cells undergo morphologic changes
in their transition from fibroblast-shaped cells to large, swollen, and round-shaped
cells with enriched secretory activity (Graubner et al. 2017b; Kautz et al. 2015). This
process, ultimately, leads to the development of highly specialized maternally
derived decidual cells, which together with the maternal vascular endothelial cells
escape the trophoblast invasion on the way to the formation of canine
endotheliochorial placenta. Despite the mesenchymal-epithelial transition, the cells
continue to manifest their mesenchymal character and express respective markers,
like vimentin (Vim) or alpha-smooth muscle actin (alphaSMA) (Graubner et al.
2017b; Kautz et al. 2015). Decidual cells are also the only cells of the canine placenta
expressing the nuclear progesterone (PGR) and estrogen (ERa) receptors, as well as
the oxytocin receptor (OXTR) (Kowalewski et al. 2010; Vermeirsch et al. 2000a, b;
Gram et al. 2014b), characteristics that determine their importance for the mainte-
nance of canine pregnancy (elaborated in more detail elsewhere).



Canine Endotheliochorial Placenta: Morpho-Functional Aspects 161

4.2 Development of Fetal Membranes, Trophoblast Invasion,
and Placentation

In its initial response to the implanting embryo, the so-far proliferative uterus
becomes hypertrophied, with abundant mucosal folds and corresponding crypt-like
spaces. The lumina of the uterine glands develop into chambers with narrow necks
(Fig. 1). Apart from the limitations of inter-glandular connective tissue, this enlarge-
ment leads to the development of the spongy appearance of the deeper layer, in
contrast to the superficial compact zone (Amoroso 1952).

Following implantation, the feto-maternal contact becomes more intimate during
invasion and placentation (Fig. 1). As in other mammalian species, the four extra-
embryonic membranes are formed in the dog: chorion, amnion, vitelline-, and
allantoic sac (Fig. 2).

During embryonic development, the secondary and tertiary chorion are formed by
the addition of a mesoderm and vasculature to the outer monolayer epithelium of the
blastocyst (trophoblastic layer). The amnion is formed by the ectodermal vesicle,
which is lined with mesoderm, keeping the embryo in a liquid environment (Miglino
et al. 2006). The amniotic folds fuse at around day 15 after fertilization. The
chorionic cavity is formed at day 20 after the LH peak (i.e., approximately
16—17 days after fertilization), heartbeat starts at days 23-25, and skeleton is visible
33-39 days after LH peak (Hermanson et al. 2020). Extraembryonic endoderm
expands and lines the trophoblast during the early blastocyst (preimplantation)
stage, and the yolk sac becomes completely formed at the time of implantation
(Hermanson et al. 2020; McGeady et al. 2017). Together with the trophoblast layer it
initiates the physiological interaction with the endometrium, resulting in primary
placentation. This leads to the formation of the choriovitelline placenta (yolk sac
placenta) (Fig. 2) (Amoroso 1952) in three developmental stages, starting with the
development of a nonvascular bilaminar omphalopleure, when the trophoblast and
endoderm-derived yolk sac are in apposition to the uterine wall (i.e., around day 14).
This is followed by a transitional nonvascular trilaminar omphalopleure, formed
when mesoderm extends between the two layers, that then converts to a vascular
trilaminar omphalopleure when vitelline vessels are developed (Amoroso 1952). The
vitelline vessels in the dog embryo play an important role in feto-maternal exchange
(Miglino et al. 2006; Leiser and Kaufmann 1994). Even though implantation is quite
fast, and the yolk sac is relatively small, it still provides the necessary nutrition for
the embryo in the very early stages of its development, without which the embryo
would be resorbed during the third week of pregnancy (Amoroso 1952). The
nutritive function of the yolk sac (the so-called yolk sac placenta) ends on about
day 25-28 after the LH peak (21-24 days after fertilization) (Amoroso 1952;
Hermanson et al. 2020). The allantois then starts to sprout from the endoderm and
expands into the chorionic cavity (McGeady et al. 2017). It is completely formed by
days 27-31 after LH peak (23-27 days after fertilization).

The canine chorioallantoic placenta starts to form immediately after implantation,
on day 17-18 after fertilization (Amoroso 1952; Kehrer 1973). At that time, the
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Fig. 1 Morphological appearance of the canine uterus during early pregnancy. Preimplantation
stage (days 10—12 after fertilization), and at the time of implantation (day 17 of embryonal life).
Inserts show different fragments of uterine compartments. Morphological signs of decidualization
are seen in subepithelial stromal compartments during implantation (enlarged cells, embryo-
induced morpho-functional decidualization), but not at the preimplantation stage
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Fig. 2 Canine fetal membranes: (A) combined schematic representation of canine fetal membranes
at an early stage of placentation (yolk sac placenta, lower half of the drawing) and after the
formation of definite zonary placenta (upper half of the drawing); (B) drawing and photograph of
canine fetal membranes including zonary (girdle) placenta (the latter, i.e., photograph, shared by
courtesy of Prof. Dr. Iris Reichler, Small Animal Reproduction and Michelle Oesch, Dept. of
Scientific Communication, Vetsuisse Faculty, University of Zurich)
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developing chorionic layer produces abundant invading trophoblasts, resulting in an
increased area of feto-maternal contact (Amoroso 1952). Following the vasculariza-
tion of the chorion (tertiary chorion) with umbilical vessels (umbilical arteries)
(Fig. 2), the allantois attaches to the chorion and contributes to the formation of
the placental labyrinth (chorioallantoic placentation) (Amoroso 1952; Miglino et al.
2006). At the implantation site, the trophoblast invades the uterus (deciduate pla-
centa) and contacts the superficial layer of the stroma, which proliferates and its cells
increase (decidualization, see above), as the uterine epithelium has already been
destroyed. Invasion continues in the form of chorioallantoic villi capped by cellular
trophoblast (cytotrophoblast), until it reaches the endothelial wall of the maternal
capillaries, forming the definitive endotheliochorial placenta (Amoroso 1952; Barrau
et al. 1975). Part of the decidualizing tissue is also removed so that the maternal
capillaries become completely surrounded by syncytial trophoblast, which surrounds
both the maternal vessels and embedding decidual cells (below and Fig. 3). Decidual
cells are also detectable between undifferentiated stromal cells (Amoroso 1952).

Macro- and Microscopical Morphology of the Canine Placenta

Macroscopically, the canine placenta presents a central type of placentation in which
the hatched blastocyst makes a broad surface contact with the luminal epithelium of
the uterus, resulting in a zonary (girdle) placenta (Leiser and Kaufmann 1994;
Enders and Carter 2004; Wynn and Corbett 1969).

Histologically, utero-placental compartments consist of the following different
areas: placental labyrinth, endometrium (including junctional zone, glandular zone,
connective tissue layer separating superficial from deep glands, and a layer of deep
uterine glands), and myometrium (Fig. 3).

Interdigitations between opposing fetal and maternal tissues are formed by
multiple branched folds, creating a lamellar pattern (Leiser and Koob 1993). The
villi are extensively branched and give a lobular appearance to the labyrinth zone
(Amoroso 1952). In the labyrinth, there are two trophoblast layers: cytotrophoblast,
which is closer to the fetal stroma, and syncytiotrophoblast (syncytial trophoblast),
which is closer to the maternal tissues (surrounding maternal vessels) (Fig. 3). The
syncytiotrophoblast is formed by the fusion of cytotrophoblasts and does not
undergo cell division.

The canine placenta is a hemophagus organ with marginal hematoma areas (at the
border of the girdle) and small central hematomas (inside the placenta) in which
maternal blood is extravasated from capillaries. Thus, in hematomas, developed
(vascularized) chorioallantoic villi come into contact with the maternal blood
(Amoroso 1952). The phagocytic (cyto)trophoblast encloses hematomas and
absorbs blood; hematomas are green in appearance (uteroverdin, biliverdin). It
appears plausible that the hemophagous areas (hematomas together with the phago-
cytic trophoblasts) in the canine placenta may be involved in maternal-fetal iron
transport. Due to the close contact between the maternal and fetal structures, the
exchange of immunoglobulins between the mother and fetus is possible in the canine
endotheliochorial placenta (see below for more details). Surrounded by



165

Canine Endotheliochorial Placenta: Morpho-Functional Aspects

(DIN) Adejided [eusale|p — ys1IRISY %

(3AD) 31sejqoydoa101A) — peaymoute uadp &
(24) Atejjides |e1a4 — peaymoue paso)
(uAs) 1sejqoydouionAduAs — moule usdo
(22@) 192 |ENPI22Q — MOJIE PASO|) ‘

.

yiuuAqge| [eIuadeld - Yod

JNIA $so1dxo pue 10)oeTeyd [eWAYOUISIW JIOY) UTB)AI S[[90 2SI} UONRIUAIIP SuLn
~AOd Surssaidxa eyuaserd aurued ay) Jo S[[e5 A[uo Ay} Are s[[2d [enproe ‘(YD) 101dosar auorsagord ayy Jo UoNeZI[ed0] JeA[oNu ) JO UONIAIP [BIIWAYD0)
-STYOUNWIWI pue (IOTEW [[90 [BWAYIUISIW ‘INTA) Surture)s unuawra :spoued 10mo[ 9pIS-1YSLI ur umoys st uiIkqe] eyuaoerd oy} UMM S[[ad [eNPIOAP PIALIOP
-ewions [eurdjew jo uonezifeoo  ‘([oued jysu 1oddn) yuuqe| reyusoerd surues oy Jo uonejuasaidar onewayog (Iurure)s ursod pue ‘urAxojewdy ‘syoued aprs
-)J9] ‘ssoudIy) [[nJ) Jusuntedwod [ejusded-o1on surued Ay INOYInoIy) uondas-sso1) eyuade[d padojaasp Aqny surues oy jo oouereadde [eo130[0ISIH € “S1

spue|8 aulain deag = ¢

spue|8 daap wouy |ediysadns Sunesedas JaAe| anssiy 9AI309UUOD = €
(s4eaquieyd sejnpue|d = spue|3 |erdyaadns padiejua)

auoz (A3uods) Jejnpue|o = ¢

auoz [euondunr =T

‘wnuaWopu3 uj

Judawpedwod |euade|d-0433n dulue)

winIRBWOAN

wnpawopuy

YiuuAge
|ejuade|d

ajed luonoy)




166 M. P. Kowalewski et al.

| e ? ~ o
Ll o i N WERETD * 1 Dec brog
4 fale’) ‘De
N & -
pt < MC ¢ F
e %
'_,,_ s e ]
> ~ p
Dec
» L
i L ]
syn FC syn
¥ 0\.2‘ {);‘“
e 54

5um

-~

Fig.4 Transmission electron microscopic (TEM) appearance of the canine placental labyrinth (day
35 of pregnancy). MC maternal capillary, FC fetal capillary, Dec decidual cell, Syn
syncytiotrophoblast, Cyt cytotrophoblast, IS interstitial space (basal lamina, open arrowhead)

syncytiotrophoblast and with decidual cells in close proximity, the maternal capil-
laries in the placental labyrinth are quite peculiar and easily recognized by their
relatively large diameter (20—45 pm) (Kehrer 1973). The nuclei of endothelial cells
are enlarged and seem to protrude into the lumen (Figs. 3 and 4).

The junctional zone is a transitional area between the labyrinth and glandular
zone, in which the columnar phagocytic cytotrophoblast from the terminal part of the
lamellae invades the endometrial uterine glands (spongy zone) (Amoroso 1952;
Furukawa et al. 2014). It consists of invading villous tips, maternal vessels, and
maternal cellular debris (Amoroso 1952, 1961). The spongy zone is located under
the junctional zone and consists of the hypertrophied, greatly enlarged, uterine
glands (Amoroso 1952; Furukawa et al. 2014) (Fig. 3). They form a 1-2 mm thick
layer and are separated from the deep uterine glands by a dense connective tissue
layer (Fig. 3) (Grether et al. 1998). They are lined with tall columnar epithelium and
reach their maximal size around day 40 of pregnancy (Grether et al. 1998; Grether
and Friess 1993), after which their size decreases until parturition (Grether et al.
1998). Chorioallantoic villi project into the lumen of the glandular chambers
(Grether et al. 1998; Grether and Friess 1993).

Ultrastructural Morphology

The ultrastructural morphology of a mid-term placenta is presented in Fig. 4. At the
ultrastructural level, maternal endothelial cells are filled with abundant irregular
vacuoles as well as bloated mitochondria and the golgi apparatus. The decidual
cells have a large, roundish nucleus, pale cytoplasm, prominent nucleoli, wide
endoplasmic reticulum, and quite enlarged golgi vesicles (Anderson 1969) and are
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surrounded by a shapeless layer of interstitial matrix, apparently containing COL4
and similar substances existing in the basement membrane of maternal capillaries
(Graubner et al. 2018, 2020; Amoroso 1961). The cytotrophoblast cells display a
rather large and round nucleus and stain lightly in electron microscopic preparations
(Amoroso 1961 and Fig. 4). Their cytoplasm is sporadically filled with the mito-
chondria and their cell profile shows small endoplasmic reticulum as well as golgi
apparatus (Anderson 1969). The number of the cytotrophoblast cells decreases
during the progression of pregnancy (Amoroso 1961). Fetal capillaries in the
connective tissue are separated from the trophoblastic branches by a well-developed
basal lamina (Amoroso 1961; Anderson 1969). Syncytial trophoblast has an inten-
sively stained cytoplasm and has an irregular cell membrane that is in contact with
the perivascular basement membrane (Wynn and Corbett 1969; Amoroso 1961). The
cellular composition is more or less similar to that of cytotrophoblasts, except that
they have more than one nucleus. By their extended cellular branches, syncytial
trophoblasts are in contact with both fetal stroma and the basal lamina of fetal
capillaries (Amoroso 1961). Although fetal and maternal endothelial cells present
similar cellular components, they are hugely different in size. As indicated above,
the maternal endothelial cells are much larger and their nuclei bulge/protrude into the
lumen (Wynn and Corbett 1969; Anderson 1969; Stoffel et al. 1998, Figs. 3 and 4).
In some areas of the syncytium, fetal capillaries can be found in close proximity to
maternal ones, while a relatively thick layer of basal lamina (extracellular matrix)
exists between them (Barrau et al. 1975).

4.3 Utero-Placental Extracellular Matrix During Canine
Placentation

An overview of the current knowledge regarding the distribution and gestational
expression patterns of some of the extracellular matrix related factors in the dog can
be found under (Kutzler et al. 2012; Graubner et al. 2018; Beceriklisoy et al. 2007;
Fellows et al. 2012).

The canine trophoblast has an invasive character. Thus, in the absence of ade-
quate extracellular matrix (ECM) remodeling, invasion and proliferation of the
trophoblast cells would not be possible, thereby preventing pregnancy from being
maintained.

Following the functional induction of the ECM components during preimplanta-
tion (Graubner et al. 2018), the uterus undergoes strong tissue remodeling during
trophoblast invasion, as expected, in association with modulation of the ECM
components. Thus, placentation is associated with upregulation of ECM1, COLI1,
-3, -4, and FN1 expression in the uterine wall at interplacental sites. At the implan-
tation site, however, there is decreased expression of two major collagens, COL1 and
-3, and of LAMA2. COLI1 and -3 are more strongly represented in stromal compart-
ments compared with their epithelial expression, as would be expected, and this
pattern is also true for LAMA2 (Graubner et al. 2018). Considering its similar
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expression patterns in other species with invasive placentation, e.g., rats (Clark et al.
1993), it seems that COL1 suppression is essential for tissue remodeling and
“softening” during placentation, presumably facilitating the proliferation and further
invasion of the trophoblast into the softened uterus. Gap junctions are important
components of intercellular communication during implantation, decidualization,
and placentation, with some of them, like CX43 or CX26, playing superior roles
(Yuetal. 2014, 2016; Grummer et al. 1994, 1996, 2004; Laws et al. 2008). Although
not affected by embryo presence in the preimplantation uterus, the expression and
localization of CX43 in decidualizing cells and in other cellular components of the
placenta suggests its involvement during decidualization and placental angiogenesis
in the dog (Graubner et al. 2018, 2020).

As in other species with invasive placentation, and as mentioned elsewhere, the
dog trophoblast exhibits strong invasive properties (Beceriklisoy et al. 2007),
although not into the maternal vascular endothelial cells and decidual cells, which
escape the proteolytic activity of the trophoblast. The invasive properties of tropho-
blast appear to be controlled by as yet unknown mechanisms. As a matter of fact, the
trophoblast migration (i.e., invasion) into maternal structures does not stop, and
strong invasion of the trophoblast at the bottom of the placental labyrinth is observed
until term. Interestingly, whereas major matrix metalloproteinases (MMP2 and -9)
are expressed in fetal trophoblast cells (Beceriklisoy et al. 2007; Fellows et al. 2012),
their inhibitors, in particular TIMP2, are expressed in both counterparts of the
placenta (i.e., in the placenta materna and placenta fetalis) (Graubner et al. 2018),
including the fetal trophoblast, implying a possible self-regulatory feedback loop
protecting the maternal compartments from excessive trophoblast invasion
(Graubner et al. 2018). Accordingly, even more peculiar is the strong presence of
TIMP2 and -4, together with the ECM1, in the endometrial connective tissue layer
separating deeper tissues from the superficial endometrial layers. Recently, a role of
this layer as an active, biochemical and not only physical protection barrier
preventing unrestrained invasion of fetal cells into uterine layers was suggested
from our studies (Graubner et al. 2018). Noteworthy among its many roles, ECM1
has already been shown to be involved in the reduction of MMP9 proteolytic activity
in humans (Fujimoto et al. 2006). It would therefore be interesting to consider the
expression and function of the MMP-ECM1-TIMP balancing system during condi-
tions characterized by disturbed or exaggerated trophoblast expansion (like, for
example, in SIPS).

At the time of prepartum luteolysis, COL1 and -3 expression is strongly
suppressed (Graubner et al. 2018), which has been interpreted as an indicator of
preparation for parturition (placentolysis) and release of fetal membranes, a phe-
nomenon that has been previously implied for cattle (Attupuram et al. 2016).

Finally, although not yet fully understood, it is clear that modification of the
extracellular matrix reflects the dynamic feto-maternal interactions that occur during
the establishment of the canine endotheliochorial placenta with strong, yet restricted,
invasion.
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5 Vascularization and Cell-to-Cell Communication

While there is de novo formation of a vascular network (vasculogenesis) in the
placenta fetalis, growth of the new blood vessels from preexisting ones (angiogen-
esis) occurs in the placenta materna. Branches of blood vessels originating from the
umbilical cord are seen in both the yolk sac and the placental girdle at 25-30 days of
pregnancy in the dog (Miglino et al. 2006). Although the amnion remains poorly
vascularized, the allantois becomes prominent and highly vascularized around day
45 of canine pregnancy (Miglino et al. 2006). At day 53 of gestation, the vessels of
the highly vascularized allantois cover the central zone of the placental girdle
(Miglino et al. 2006). The formation of this dense vascular network in the canine
placenta is essential to facilitate the metabolic exchange between the mother and
fetus, and many locally produced angiogenic and vasculogenic factors are involved
in its regulation. In particular, vascular endothelial growth factors, like VEGFA and
its receptors (VEGFR1/Flt-1 and VEGFR2/Flk-1/KDR), have been investigated
extensively for their potential involvement in regulating placental angiogenesis
and vasculogenesis. Thus, the expression and localization of the VEGFA system
was investigated in the canine uterus and utero-placental compartments throughout
pregnancy (Gram et al. 2015). VEGF-165, -182, and -188 and their respective
receptors, VEGFR1/-2, were found to be induced in response to the presence of
preimplantation embryos (day 10 of gestation), indicating a high vascularization rate
and supporting the proliferative state of the preimplantation uterus (Bukowska et al.
2011). Besides apparently facilitating increased vascularization, localization of
VEGFA and its two receptors at this stage of pregnancy in the endometrial luminal
surface epithelial cells and vascular endothelial cells, as well as in superficial and
deep uterine glands implies increased vascular permeability and uterine edema
(Gram et al. 2015). The latter are essential for angiogenesis, uterine remodeling,
embryo attachment, and implantation (Gram et al. 2015). These findings of increased
vasculogenesis and angiogenesis were corroborated by microarray analysis, as
among the highly represented functional groups detected in the preimplantation
canine uterus were those associated with the regulation of vasculature development,
angiogenesis, and blood vessel morphogenesis (Graubner et al. 2017a). By regulat-
ing vascular functionality, endothelins (ETs) also play important roles during
implantation, placental angiogenesis, blood supply, as well as during trophoblast
proliferation and invasion (Cervar-Zivkovic et al. 2011). Accordingly, expression
and localization of ET1 and -2, ET receptors (ETA and ETB), and endothelin
converting enzyme 1 (ECE1) were detected in the canine uterus and utero-placental
compartments during pregnancy (Gram et al. 2017). While ET1 was constantly
expressed in the canine uterus and utero-placental compartments throughout preg-
nancy, expression of ET2 appeared to be linked to early pregnancy (Gram et al.
2017). Like the VEGF system, there was increased availability of ET2 in the
preimplantation uterus (localized predominantly in the endometrial luminal surface
epithelial cells, and in superficial and deep uterine glands), which appears to
underline the importance of ETs as well in the regulation of vascular permeability,
endothelial cell proliferation, and uterine edema prior to implantation. Following
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implantation and at mid-gestation, VEGFA and its receptors (VEGFRI1/FIt-1 and
VEGFR2/FIk-1/KDR) were strongly expressed in fetal trophoblast cells
(cytotrophoblast and syncytiotrophoblast) and in placental vascular endothelial
cells, clearly indicating the importance of the VEGFA system in the autocrine
and/or paracrine regulation of placental angiogenesis and vasculogenesis, and thus
in fetal survival and growth (Gram et al. 2015). In particular, localization of strong
VEGFR2/FIk-1/KDR signals in endothelial cells in both the placenta materna and
fetalis implies involvement of this receptor in VEGFA-mediated angiogenesis and
vasculogenesis. In addition, there was an interesting observation related to the
expression of ETB, which gradually increased with the progression of canine
gestation (Gram et al. 2017). Its expression was prominent within the
syncytiotrophoblast together with ET1 and the ET activator, ECE1 (Gram et al.
2017). This distribution pattern of ETs indicates their possible involvement in the
regulation of invasion and proliferation of trophoblast cells within the canine
placenta. In particular, binding of ETs to ETB activates the nitric oxide
(NO) release that is responsible for vasodilation (Verhaar et al. 1998). Furthermore,
the vasodilatory properties of ETB, along with its constantly increasing expression
during pregnancy and co-localization with other ET-system members in the placenta
fetalis (trophoblast cells), strongly suggest an increased ET-mediated blood supply,
which is necessary for fetal survival and growth. This also relates to the strong
presence of CX26 and -43 in the intima and media of blood vessels in the canine
placenta, indicating their involvement in the placental blood supply and angiogen-
esis (Graubner et al. 2018).

During prepartum luteolysis, downregulation of VEGFA and VEGFRI1/FIt-1
might initiate regression of placental blood vessels. Accordingly, as implied from
a transcriptomic approach (Nowak et al. 2019), strongly upregulated ANGPT2
together with decreased VEGFA expression in the prepartum canine placenta sug-
gests loosening of peri-endothelial cell contact, thereby increasing endothelial cell
apoptosis and vascular degeneration. The contribution of ANGPTs to the disruption
of canine placental vascular function is an interesting question that requires further
clarification. Similarly, the expression and function of members of the endothelin
system (ET1, ECE1l, ETA, and ETB) are strongly upregulated in canine utero-
placental compartments during the onset of parturition (Gram et al. 2017). They
are co-localized in trophoblast together with members of the prostaglandin (PG)-
system, e.g., COX2/PTGS2, PTGFS/AKR1C3, or PTGES, that are responsible for
the provision of prepartum luteolytic prostaglandins (Kowalewski et al. 2010; Gram
et al. 2013, 2014a). This clearly indicates a close relationship between the onset of
canine labor and disruption of placental vascular function. Accordingly, several
endothelial-associated immune and pro-inflammatory pathways appear to be acti-
vated during prepartum luteolysis in the canine placenta, e.g., ICAM1, CXCLS8
(IL8), IL3-, eNOS-, RhoA-, and NO-signaling (Nowak et al. 2019). Furthermore,
the uterine immune milieu appears to be associated with an increased presence of
immune cells during parturition, involving macrophages associated with tissue
remodeling, as well as Th and Treg (Tavares Pereira et al. 2021b). Also, these
findings indicate the disruption of placental vascular function at the onset of partu-
rition as an important factor leading to parturition and placenta release.
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Furthermore, blocking of progesterone signaling by the application of nuclear
progesterone-receptor (PGR) blocker (aglepristone) initiates production of PGs,
similar to that observed during natural prepartum luteolysis (Kowalewski et al.
2010, 2015; Kowalewski 2014, 2018). Pursuing this idea, we investigated the effects
of antigestagen-induced luteolysis on the VEGFA system and ET system in the
placenta of pregnant dogs on days 4045 of gestation. Although VEGFA and
VEGFR2/Flk-1/KDR were not affected, VEGFR1/Flt-1 was downregulated by
aglepristone treatment (Gram et al. 2015), while ET1 and its vasoconstrictive
receptor (ETA) were upregulated, and ET2 and the vasodilator receptor (ETB)
were downregulated (Gram et al. 2017). These important and novel observations
clearly show a contribution of progesterone-mediated pathways to the dynamic
utero-placental vascular activity and functionality during the maintenance and ter-
mination of canine pregnancy. Therefore, the involvement of progesterone in the
regulation of canine utero-placental vascular function needs more attention.

6 Transplacental Transportation of Maternal
Immunoglobulins in the Dog

Very little information is available regarding transplacental transportation of immu-
noglobulins (IgGs) during pregnancy in the dog. Due to the high contact between
maternal and fetal structures, they are transported to the fetus in the last third of
pregnancy (Krakowka et al. 1978; Stoffel et al. 2000). During this time, IgGs are
predominantly localized in the placental labyrinth, in all layers of the feto-maternal
barrier (i.e., in the placenta materna and fetalis), and particularly in the maternal
basement membrane surrounding maternal vessels and in the syncytiotrophoblast.
The absence of IgGs in intercellular spaces between maternal endothelial cells,
together with its presence within the cells, implies transcellular transport (Stoffel
et al. 2000). In the hemophagus zone (marginal hematoma), IgGs are localized
within phagolysosomes in the cytotrophoblast, but not in fetal vessels, therefore,
apparently they cannot be transferred to the fetus via marginal hematoma (Stoffel
et al. 2000). Consequently, maternal IgGs seem to pass from mother to fetus
primarily though the placental labyrinth (Stoffel et al. 2000). Nevertheless, the
feto-placental contact allows a passage of no more than 2%—-18% of the maternal
immunoglobulins to the offspring in the dog (Krakowka et al. 1978; Stoffel et al.
2000). Therefore, most of the IgGs can be transferred to the puppies after birth via
the colostrum.
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7 Canine Placenta: An Important Endocrine Organ During
Maintenance and Termination of Pregnancy

In addition to its lack of steroidogenesis (mentioned elsewhere), the canine placenta
also lacks PRL synthesis. However, it does express the respective receptors for
steroids (PGR and ERa), as well as PRLR (Kowalewski et al. 2010, 2011;
Vermeirsch et al. 2000a, b), RLN (Steinetz et al. 1987, 1989), and prostaglandins
(Kowalewski et al. 2010; Gram et al. 2013, 2014a), and so remains also an important
endocrine organ. The increasing levels of PRL during pregnancy appear to be of
pituitary origin, and its placental receptor (PRLR) is primarily localized in the
cytotrophoblast, including that localized in the invasive junctional zone (invading
cytotrophoblast). This has suggested a possible role for PRL in placental develop-
ment, through influencing the invasion of fetal trophoblast cells (Kowalewski et al.
2011). Also, during the second half of diestrus (both in pregnant and nonpregnant
dogs), PRL plays a role as the main luteotropic factor (reviewed in (Kowalewski
2017)), and its inhibition by provision of dopamine-agonists induces abortion
(Concannon et al. 1987). Due to its clinical relevance as a marker of pregnancy,
RLN appears to be one of the most important placenta-derived hormones in the dog.
In pregnant bitches, an increase in plasma RLN concentrations is observed around
days 20-25 of pregnancy, i.e., following placentation (Steinetz et al. 1987, 1989). Its
level continues to rise during pregnancy reaching the highest levels 2—3 weeks prior
to parturition (Steinetz et al. 1987, 1989). After parturition, RLN vanishes from
peripheral blood, becoming undetectable within a few days (Steinetz et al. 1987,
1989). Thus, in the dog as in some other domestic animals (e.g., cats), the placenta is
the major source of RLN. As for its localization within the placenta, strong immu-
nohistochemical signals for RLN expression were found in the cytotrophoblast cells
(Nowak et al. 2017). Its receptors (RXFP1 and RXFP2) show a clear compartmen-
talization: whereas RXFP1 is localized in placental endothelial cells and trophoblast
cells, RXFP2 was primarily found in decidual cells (Nowak et al. 2017). This latter
finding in particular, in addition to possible auto/paracrine effects of RLN in
regulating utero-placental function, implies its involvement in the decidualization
process as a part of the feto-maternal communication during the maintenance of
canine pregnancy. Another interesting finding from our study, indicating a possible
functional reciprocal effect between PRL and RLN, is the detection of RXFP1 and
RXFP2 expression in PRL-secreting cells in the adenohypophysis of dogs (Nowak
et al. 2018). This important and novel finding strongly implicates the involvement of
RLN in regulating the production of PRL and other pituitary hormones, possibly
contributing to the typically higher PRL levels observed during pregnancy. Clearly,
further research is needed to test this hypothesis. As for other peptide hormones,
leptin and its receptor (LepR) or GnRH and its receptor (GnRH-R), are also
expressed in the canine placenta (Balogh et al. 2015; Schafer-Somi et al. 2015).
Their localization in various cellular components of the canine placenta, including
trophoblast cells, suggests multiple, yet-to-be-determined, paracrine- and/or auto-
crine functions.
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7.1 Decidual Cells and Prepartum Luteolytic Cascade

More detailed description of the canine prepartum cascade has been provided
recently (Kowalewski 2014; Kowalewski et al. 2015, 2020). The most important
regulatory feature to be emphasized is the feto-maternal communication during the
maintenance and termination of canine pregnancy (Fig. 5), which involves the
maternal decidual cells and fetal trophoblast cells. Thus, maternal decidual cells
are equipped with the nuclear PGR, and diminishing progesterone levels, and/or
suppression of PGR function by an antigestagen, lead to the prepartum release of
PGF2a from fetal trophoblast cells where the prostaglandin synthesizing machinery
is strongly represented (i.e., COX2/PTGS2, PTGES, PGFS/AKR1C3). An alterna-
tive biosynthetic pathway was determined in canine placenta, indicating that the
locally produced PGE2 acts as a substrate for the provision of prepartum PGF2a
(Gram et al. 2014a). This finding is of clinical importance, since besides being
possibly involved in cervical softening (Fuchs et al. 1984; Stys et al. 1981), PGE2
also seems to contribute actively to the production of luteolytic and myocontractile
PGF2a in the dog. Interestingly, similar to the PGR, the OXTR is also only located
in maternal decidual cells, and its expression increases during normal and
antigestagen-induced luteolysis, clearly implying its contribution to prepartum pros-
taglandin production (Gram et al. 2014b). In contrast, the placental glucocorticoid
receptor (GR/NR3C1) is localized in the fetal part of the placenta (cytotrophoblast)
(Gram et al. 2016). Its expression is increased during natural, but not antigestagen-
induced parturition, implying that the increased expression of the GR/NR3CI is not
mandatory for placental prostaglandin synthesis. Therefore, in contrast to the OXTR,
which seems to be an upstream regulator of placental prostaglandin synthesis, it
appears that the GR/NR3C1 acts downstream of the PGR. Analogous to the situation
observed in humans, a role of the GR/NR3C1 as a local antigestagen has been
proposed (Gram et al. 2016). This hypothesis could explain why parturition in dogs
takes place at variably low progesterone concentrations, presumably depending on
the local availability of the GR. It should be noted that because the prepartum
cortisol increase in dogs is erratic (Nohr et al. 1993), its local effects may not reflect
peripheral levels. Finally, as recently shown (details in (Nowak et al. 2019) and
reviewed in (Kowalewski et al. 2020)), at the placental level, in association with
increased PGF2a synthesis, prepartum luteolysis appears to be associated primarily
with apoptotic events and disruption of placental vascularization, followed by an
inflammatory response. The disruption of PGR signaling seems to play an important
role in all of these processes and will be the subject of further research.

7.2 In Vitro Model of Canine Decidualization

Taking into account the importance of the decidualization process and the species-
specific role of decidual cells in the maintenance of canine pregnancy, it becomes
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obvious that unveiling the process of decidual cell formation and their functionality
is crucial to gaining an understanding of the regulation of canine reproduction, from
both the physiological and clinical perspective. Consequently, to develop a deeper
insight into this complex phenomenon in the dog, we have established and charac-
terized a novel, species-specific in vitro model for decidualization by isolating
canine primary uterine stromal cells from early diestric dogs (i.e., from naturally
estrogenized females) (Kautz et al. 2015). The cAMP-mediated approach was
successfully utilized and an immortalized cell line was established to serve as a
unique model for basic research on canine decidualization (Graubner et al. 2017b).
Besides morphological changes induced in decidualizing canine stromal cells, indi-
cating the mesenchymal-epithelial transition associated with increased metabolic
and secretory activity, upregulated COL4 and CX43 expression (Graubner et al.
2017b; Kautz et al. 2015), and concomitantly retaining the mesenchymal character
(indicated by continuous vimentin and alphaSMA expression), several
decidualization markers were induced in these cells, including PGR, PRLR, IGF1,
or the PTGES/PTGER2/PTGER4 system. The decidualization capability of PGE2
and the involvement of the two cAMP-mediating receptors of PGE2 (PTGER2/-4)
were also confirmed, providing an insight into the reciprocal functional interrela-
tionship between PGE2 and PGR in mediating the decidualization process in the dog
(Graubner et al. 2017b, 2020). Thus, while PGE2 upregulates the PGR and PRLR in
a PTGER2/-4-dependent manner in decidualizing canine stromal cells in vitro,
progesterone appears to be involved in regulating the availability of PGE2 receptors
(Graubner et al. 2020). Most recently, we were able to show that cAMP, but not
PGE2, is capable of inducing changes in the expression of extracellular matrix
proteins, such as COL4 or ECMI, in decidualizing cells (Graubner et al. 2020).
The same accounts for the expression of CX43. Thus, the mechanisms acting
upstream of cAMP activity in regulating the morpho-functional transition of canine
uterine stromal cells towards decidua formation need to be further investigated.

8 Summary and Outlook

Although not considered for a long time in basic and clinical research, the canine
placenta has proven to be a dynamic and important endocrine organ, actively
responding to circulating hormones of central (i.e., hypothalamo-hypophyseal),
ovarian, as well as local, auto—/paracrine origin. The translational and comparative
aspects for other species arise from the species-specific endotheliochorial character
of the canine placenta, the shallow invasion of trophoblast, and also from underlying
endocrine patterns of canine reproduction. As highlighted above, understanding the
formation of canine decidua appears to be key to the improvement and optimization
of clinical approaches for better control of canine reproduction. The unique placental
feto-maternal communication between maternal decidual cells and fetal trophoblast,
depending on ovarian steroid provision, appears to be one of the most interesting
features and worth further study. It warrants future investigation into the biological
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nature of the underlying progesterone-mediated signaling important for sustaining
canine pregnancy and regulating its length.
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Abstract The female elephant shows a 3-week “follicular phase” to commence her
16-week estrous cycle at the end of which a second surge in pituitary luteinizing
hormone (LH) release matures and ovulates an ovarian follicle in association with
estrous behavior and mating, whereas the first LH surge at the start of the follicular
phase causes luteinization of 3-5 partially developed follicles. The prolonged
pregnancy of 22 months is supported by a zonary endotheliochorial placenta
which secretes placental lactogen (ePL) from around 40 days of gestation in asso-
ciation with replacement of the lumenal epithelium of the endometrium by tropho-
blast and the development of large corpora lutea (CLs) in the maternal ovaries from
the previously formed luteinized follicles in response to the first LH peak early in the
follicular phase. The zonary placenta develops above, rather than within, the endo-
metrium. The elephant placenta secretes neither estrogens nor progestagens
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throughout gestation, as pregnancy maintenance relies on Sa-dihyroprogesterone
and other 5a reduced progestagens secreted by secondary CLs stimulated by ePL
and the stromal tissue of the fetal gonads, which become extremely enlarged during
the second half of the 22-month pregnancy. In female fetuses, this ovarian enlarge-
ment includes the development and subsequent regression of multiple primary and
secondary follicles with a consequent substantial decline in primary follicle numbers
at birth. During the next 8-9 years of pre-pubertal life, however, oocyte and primary
follicle numbers recover to levels near those found in late gestation, which may be
evidence of postnatal oogenesis occurring in the elephant.

Keywords Double LH peak - Zonary placenta - Placental lactogen - Secondary
corpora lutea - Enlarged fetal gonads - Postnatal oogenesis

1 Introduction

Professor E. C. Amoroso FRS, or “Amo” as he was widely and affectionately
known, was a true giant in the broad field of comparative placentation during the
1950s to 1990s. He, fittingly, coauthored with his junior protégé, John Perry, in the
Proceedings of the Royal Society in 1964, a truly seminal paper entitled, “The foetal
membranes and placenta of the African elephant (Loxodonta africana).” This proved
the benchmark for many subsequent studies of elephant placentation, including
those of the present authors, and it is therefore entirely fitting that a chapter entitled,
“Placentation in the African Elephant” should be included in this book honouring
Amo’s great contribution to placentation in many species.

As the biggest land mammal in the world, it is perhaps not surprising that the
adult female elephant shows a prolonged estrous cycle of around 16 weeks and an
even longer gestation period of some 22 months during which the 130-140 kg
newborn elephant calf has been supported in utero by a zonary endotheliochorial
placenta that is structurally similar to, although a great deal bigger than, that in the
dog and cat (Amoroso and Perry 1964; Short 1966; Laws 1969; Hanks and Short
1972; Perry 1974; Smith and Buss 1975; Kasputin et al. 1996; Allen et al. 2003;
Wooding et al. 2005). The male elephant (Fig. 1a) also displays some unusual and
unique sexual characteristics. He comes into a period of enhanced sexual excitement
and activity known as “musth” for some 6-8 weeks, usually only once per year,
during which his intra-abdominally situated testes secrete testosterone in greatly
increased amounts, which raise his peripheral blood testosterone concentrations by
100-fold or more (Buss and Johnson 1967; McNeilly et al. 1983). This “testosterone
flush” causes him to dribble urine constantly from his penis (Fig. 1b), and this
increase in testosterone also causes enlargement of the temporal glands on each side
of his head and activates them to secrete increased quantities of a pungent fluid more
or less constantly (Fig. 1c). The hyperactivity of these temporal glands clearly causes
discomfort which makes the musth male repeatedly drive his tusks into the ground
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Fig. 1 (a) An adult male African elephant with his penis partially erect. (b) Musth elephant
dribbling urine from his penis. (¢) Musth elephant with swollen and painful temporal glands. He
drives his tusks into the ground to create back pressure on the temporal glands to ease his
discomfort. (d) A female elephant exhibiting her vulval opening low down between her back legs
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(Fig. 1c) to exert a soothing back pressure on the inflamed glands. He goes off in
search of estrous females, intromission into which can only be accomplished by the
female using a cremaster type muscle to “open and lift” the lips of her vulva which is
situated between, not above, her back legs (Fig. 1d).

2 Anatomy of the Uterus and Ovaries

Similarities and contrasts exist between the uterus of the horse and the elephant.
Although both are bicornuate, the body of the elephant uterus (Fig. 2Ab) is shorter
than that of the horse (Fig. 2Aa) and the two horns, joined to each other by a short
intercornuate ligament, run parallel to each other for a much greater distance before
diverging laterally away towards the ovaries (Fig. 2Ab). A great amount of fat is

Fig. 2 (A) Diagram comparing the basic structure of the horse (Aa) and elephant (Ab) uteri. Note
the shorter body and longer horns of the elephant uterus. (B) Elephant uterus showing the
considerable fat deposition in the broad ligament and puckering of the ligament to increase the
strength of its attachment to the dorsal abdomen. (C) Cross section of the uterine horns of an
elephant showing the “star-shaped” arrangement of the endometrial folds (arrows). (Reprinted with
permission from Allen et al. 2003)
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deposited in the broad ligament (Fig. 2B) making it significantly thicker and stronger
than its equine equivalent and resulting in a puckered and rope-like appearance as it
passes anterio-laterally to become incorporated in the ovarian and lateral uterine
ligaments that are anchored to the dorso-lateral wall of the abdomen (Fig. 2B; Allen
et al. 2003). Since the gravid uterus weighs in excess of 150 kg during the final
stages of gestation (Laws 1969; Craig 1984) the strength afforded by the broad
ligament at its attachment is no doubt vital for a successful pregnancy. A cross
section across the uterus posterior to the lateral divergence of the two horns shows
the folding of the endometrium to form the star-shaped uterine lumen (Fig. 2C) as
described originally by Perry (1953) and Amoroso and Perry (1964).

In relation to the overall body size of the female elephant, the adult elephant ovary
is surprisingly small. A distinct serosal pouch completely envelops the ovary which
is composed of the infundibulum of the oviduct and its incorporation into the ovarian
bursar (Fig. 3a; Perry 1953). In nonpregnant elephants, groups of small follicles
(0.3-0.8 mm diameter) are frequently seen in the ovaries, but towards the end of the
3-week follicular phase of the estrous cycle single, large, apparently, pre-ovulatory
follicles of around 1.5 cm diameter are observed. In pregnant elephants, on the other
hand, and even those in the very early stages of gestation, some 3-6 large CLs
measuring 3—5 cm in diameter are always present, usually, although not invariably,
bunched together on the ovary situated ipsilateral to the gravid uterine horn (Fig. 3b;
Lueders et al. 2012).

Many uteri in older females, both pregnant and nonpregnant, exhibit multiple
papillomatous outgrowths on the outer uterine serosal surface. Measuring
0.5-2.0 cm in diameter and raised 0.5-1.0 cm above the surface, they tend to be
clustered near the tip of the uterine horn (Fig. 4a). While not dissimilar in appearance
to the explants of refluxed menstrual endometrium that grow on the serosal surfaces
of the uterus and neighboring intestines in women suffering from endometriosis
(Leyendecker et al. 1998), the lumps are, in fact, no more than simple exfoliative
outgrowths of the uterine serosa, with no evidence of any mucosal components
(Fig. 4b).

3 Hormones of the Estrous Cycle and Early Pregnancy

The elephant estrous cycle is unusual in that it commences with an 18-21 day
“follicular growth period” which is characterized by 2 surges of LH release from
the anterior pituitary gland. The first surge occurs during the initial 3-5 days which
stimulates growth and partial luteinization of a wave of some 5-8 follicles followed
by a second peak 14—18 days later. The second LH surge is accompanied by estrous
behavior and mating prior to proper ovulation of a single, mature follicle which
results in the development of a typical progesterone-secreting CL, while the earlier
wave of luteinized follicles still lie dormant in the ovaries (Fig. 5a; Yamamoto et al.
2011; Lueders et al. 2010). Progestagens secreted by the newly formed CL take the
female out of estrous and into a classical progestagen-dominated diestrus during
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A £ Ovarian Bursa - Ovary

Fig. 3 (a) A pair of elephant ovaries, one of which remains enclosed in its ovarian bursa. The other
ovary has been extruded from the bursa to show its rather uniform and uninteresting structure. (b)
The ipsilateral ovary from a pregnant elephant exhibiting multiple accessory corpora lutea (CL). (a;
Reprinted with permission from Allen et al. 2003)

which serum levels of Sa-dihydroprogesterone and other Sa-progestagens rise to a
peak at around Week 6 after ovulation. Sa-dihydroprogesterone concentrations
decline again steadily to reach baseline at the onset of a new follicular phase,
some 14 weeks after the previous ovulation (Fig. 5a). Uniquely, native progesterone
is hardly secreted at all by either the ovaries or the fetoplacental unit in the elephant
(Hodges et al. 1997; Meyer et al. 1997; Allen et al. 2002).

In the event of conception following mating in association with ovulation of one
of the second wave of follicles, serum progestagen concentrations again begin to
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Fig. 4 (a) Uterus from an aged female elephant showing the right horn covered in wart-like
growths. (b) Histological section of a uterine “wart.” (a; Reprinted with permission from Allen
et al. 2003)

decline 4-6 weeks later, but then show a sudden and sharp secondary rise around an
estimated Day 45 (Fig. 5b). The increase in progestagen is coincident with initial
attachment of the allantochorion to the endometrium at the commencement of
placentation and the associated onset of secretion of placental lactogen (ePL) by
the implanting trophoblast (Allen et al. 2003; Sakamoto et al. 2012; Yamamoto et al.
2012). This, in turn, causes considerable enlargement of the still-present luteinized
follicles which formed early in the previous pre-mating follicular phase and their
conversion into fully active accessory CLs which are clustered frequently, but not
always, on the ovary ipsilateral to the gravid uterine horn (Fig. 3b; Hodges et al.
1997; Allen et al. 2002; Stansfield and Allen 2012). These secondary or accessory
CLs persist throughout gestation and secrete progestagens to maintain the pregnancy
state, with additional help from the fetal gonads during the second half of gestation.

4 Gross Development of the Placenta

It remains unknown whether fertilization takes place in the ovarian bursa or the
convoluted fallopian tube in the elephant; the time taken for tubal transport of the
embryo to the uterus is also unknown. However, the young elephant conceptus
lodges at the base of one of the uterine horns where it is held stationary by a dramatic
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Ovulation and
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Months 2 3

Fig. 5 (a) Graphical representation of the elephant estrous cycle. Two LH surges occur, one at the
beginning and the other at the end of the 21 day “follicular growth period.” The first stimulates the
development of a number of persisting luteinized follicles and the second stimulates ovulation of a
mature follicle, the corpus luteum (CL) which persists for 14 weeks before regressing to enable the
next follicular growth period to commence. (Adapted with permission from Lueders et al. 2010). (b)
Graphical representation of the hormone changes during early pregnancy in the elephant. Proges-
terone concentrations decline steadily as occurs during diestrus in the estrous cycle, but progester-
one concentrations sharply increase again between 40 and 50 days after ovulation following
development of secondary CL on the maternal ovaries. Formation of the secondary CL is stimulated
by the action of trophoblast production of placental lactogen which stimulate the luteinized follicles
persisting from the previous follicular phase that led to the pregnancy. (Adapted with permission
from Lueders et al. 2012)
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increase in the tonicity of the myometrium. The gravid uterus literally clamps down
upon the elliptical conceptus to fix the position in the uterine horn allowing the
central region of the trophoblast to make intimate physical contact with the lumenal
epithelium of the endometrium.

The conceptus bulge becomes apparent during the first 2-3 months of gestation as
a discrete, swelling at the point of reflection of the gravid uterine horn (Fig. 6a). The
ovoid conceptus shows the developing placental band as a pale ribbon of thickening
in its mid-section (Fig. 6b). With advancing gestation, the conceptus bulge enlarges
steadily to fill the whole of the gravid horn, although it never expands into the uterine
body or non-gravid horn (Fig. 6¢, d). The reddish-brown placental band broadens as
gestation progresses, usually forming a complete band of tissue with brown-colored
lateral edges that result from the formation of the hematogenous zone in this region
(Fig. 6d). In some animals, however, the placental band can narrow in some regions
and may even show distinct gaps in its structure (Fig. 6e). The allantochorion on
either side of the placental zone is a pale and slightly roughened beneath which the
surface of the allantois is covered in small pustule-like round plaques (Fig. 6f).
Another unusual feature of the elephant placenta is the clear division of the allantois
into four conjoined compartments within the chorion.

Later in pregnancy, the placental band shows large areas of reddish-brown tissue
consisting of materno-fetal lamellae through which run the larger blood vessels. The
lateral edges of the band are dark brown in color due to leakage of maternal blood to
form the hematogenous zones (Fig. 7a). Another unusual feature is the relative
narrowness (2—4 cm) of the placental hilus that provides the only attachment of
the conceptus to the endometrium (Fig. 7b). This structure carries the dense plexus of
maternal blood vessels that vascularize the placenta (Fig. 7b). However, despite the
great growth and expansion of the placenta throughout gestation, the original
materno-placental hilus gains little additional width, remaining a narrow channel
that carries an increasing concentration of enlarging uterine blood vessels. The band
is the only structure that holds the conceptus within the uterus and it can be severed
easily (Fig. 7b) to allow the conceptus at term to simply fall out of the uterus. Indeed,
at normal parturition which takes place while the mother remains standing, the
120 kg calf does indeed fall vertically down the long maternal vagina while still
attached to the umbilical cord, thereby “dragging” the placenta off its heavily
vascularized maternal placental hilus. This results in considerable hemorrhage into
the uterine lumen (Allen 2006) where the resulting large hematoma (Fig. 7c) takes
1-1.5 years to be fully resolved and resorbed away, thereby functioning as a
“temporary contraceptive” and contributing significantly to the 4-yearly inter-calv-
ing interval exhibited by the elephant which is still lactating heavily when she does
eventually return to estrous and is re-mated some 2 years after birth of the calf (Allen
et al. 2003).

The umbilical cord of the elephant fetus initially attaches mesometrially. Near
term it measures 60—100 cm in length and 4-6 cm in width. It usually remains
untwisted and it contains 3 or 4 stout (1 cm width) blood vessels due to occasional
branching of one vessel within the cord. It is not long enough to be delivered intact



190 W. R. (Twink) Allen and F. J. Stansfield

Fig. 6 (a) Elephant uterus at approximately 4.5 months of pregnancy showing the conceptus bulge
at the base of one uterine horn. (b) Uterus at approximately 4 months of gestation opened to indicate
the intense myometrial tonicity surrounding the conceptus. The edge of the thin, pale placental band
(arrowed) can just be discerned in the conceptus membranes. (¢) A 4.5-month conceptus opened to
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with the calf at term so it usually remains in utero with the placenta unless, as occurs
occasionally, the placenta is delivered with the calf.

5 Histological Development of the Placenta

At an estimated 30—45 days of gestation, the trophoblast at the equatorial region of
the conceptus is closely apposed to the endometrium and is extruding finger-like
outgrowths that work their way beneath the lumenal epithelium of the endometrium
and lift it off the basement membrane (Fig. 8a). In some areas a considerable
proportion of the lumenal epithelium has been replaced by trophoblast which then
passes a short distance down the lumenae of the endometrial glands, forcing the
epithelium off its basement membrane as it does so (Fig. 8b). And in other places, the
trophoblast invested endometrial stroma is starting to produce blunt, capillary-filled
upgrowths from the surface (Figs. 8c and 9a) as the progenitors of the very long
fingers of stroma that will eventually comprise the maternal component of the
placental band. Thus, a transition from attachment to, erosion of, and, finally,
complete replacement of the endometrial epithelium by trophoblast can be distin-
guished, and these changes then lead to early growth of the trophoblast-invested
upgrowths of endometrial stroma and associated vasculature (Fig. 8d). Interestingly,
there is little sign of any accumulation of maternal lymphocytes or other immune
cells in response to this erosion and attachment process by the trophoblast.

By 4 months of gestation, the placental band is now clearly visible as a 3 cm wide
circumferential thickening. Histologically, a line of simple protrusions of endome-
trial stroma, each invested by a single layer of trophoblast cells, rise from the
endometrial surface (Figs. 8e and 9b). They are beginning to become branched at
their tips and, as such, show a likeness to the branching microcotyledons on the
surface of the early 50-60-day equine placenta (Fig. 9c). An appreciable thickness of
endometrial stroma still persists between the trophoblast cells and endothelium of
the maternal blood vessels within the core of each lamellum (Figs. 8f and 9c). Their

<
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Fig. 6 (continued) reveal the fetus extruded by the persisting considerable tonicity of the
myometrium. The cut edges of the placental band are now seen more clearly above and below
the head of the fetus (arrowed). (d) A 6.6-month pregnant uterus opened to expose the conceptus in
situ. The placental band with its darker lateral hemophagous edges is seen passing around the
circumference of the middle of the rugby ball-shaped conceptus with the thin, pale endometrial
attachment band running along its central region. (e) Elephant placenta carrying a 240 g fetus
(estimated gestation age 6.7 months) and showing distinct gaps in the placental band with a skewed
longitudinal, rather than latitudinal, arrangement of one piece of the placental band (arrowed) in the
equatorial region of the ovate conceptus. (f) Pregnant elephant uterus carrying a 1.9 kg fetus
(8.9 months). Note the dark brown coloration of the hemophagous zone (arrowed) at the lateral
edges of the placental band and the numerous pustules scattered over the surface of the allantoic
sacs beneath the outermost trophoblast. (a, b, d, e and f; Reprinted with permission from Allen et al.
2003)
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Fig. 7 (a) Cross section of one side of the placental band of a 98 kg fetus (estimated gestational
age = 20.6 months). Note its similar appearance to liver tissue and the brown coloration on the ventral
surface due to leakage of maternal blood in this hemophagous zone. (b) Close-up view of the maternal
placental hilus (arrow) being severed from the endometrium in the uterus carrying a conceptus with the
240 g fetus (6.7 months). Note its relative narrowness and the concentration of endometrial blood
vessels feeding into it (asterisk). (¢) A previously gravid uterine horn opened approximately 6 months
post calving to show a large resorbing blood clot (asterisk) attached to the endometrial surface and
occluding the uterine lumen. (a and b; Reprinted with permission from Allen et al. 2003)

stromal lamellae become increasingly elongated and more branched with advancing
gestation thereby allowing closer apposition of fetal trophoblast to the maternal
endothelium of the capillaries within the lamellum (Figs. 8g, h and 9d). And, at each
outermost edge of the placental band, the lamellac bend laterally towards the
endometrium, to form a blind cleft between the endometrial and placental surfaces
(Fig. 9d). The lumenal epithelium within these lateral clefts becomes increasingly
convoluted and the cells become tall and columnar, with blunt pseudopodia pro-
truding from their apical surfaces. In the placental band apposed to the uterine



Placentation in the African Elephant (Loxodonta africana) 193

?‘A.

Fig. 8 (a) Histological section of the endometrium at the conceptus bulge in an elephant estimated
to be at approximately 40 days of gestation showing a “finger” of trophoblast cells passing beneath
the lumenal epithelium and lifting it off the surface (arrow). (b) Adjacent “finger” of trophoblast is
seen heading down the mouth of an endometrial gland (arrows). (¢) At the same site in the 40-day
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epithelium in the lateral clefts, the trophoblast cells likewise become taller and more
flocculent in appearance as they actively take up the maternal red blood cells that fill
the core of the lamellae in this region (Fig. 9d).

With advancing gestation, and as seen in the placentae of conceptuses of 5—
14 months estimated gestational ages, the trophoblast-covered stromal lamellae
increase steadily in length, width, and branching complexity (Fig. 9d). In this way,
the overall size and complexity of the interface stems solely from elongation,
secondary and tertiary branching, and then tight folding of the original stromal
upgrowths within their envelope of allantochorion (Fig. 9d), rather than from any
significant increase in either the number or bulk of the primary endometrial pro-
trusions. The width of the maternal placental hilus does not increase significantly
after the fetus has reached 10 kg in weight, whereas the overall width and develop-
ment of the whole placenta increases continuously to term (Fig. 9b—d). There is no
sign of any syncytial formation in the trophoblast layer, and the reduction of stroma
in each upgrowth continues to bring the trophoblast cells into increasingly intimate
contact with the endothelium of the maternal blood vessels to increase the efficiency
of placental exchange. And in the lateral hematogenous clefts, the leakage and take-
up of maternal red blood cells also continues to increase steadily with advancing
gestation (Fig. 9d).

In summarizing essential steps during placentation in the pregnant elephant,
lifting and displacement of the lumenal epithelium of the endometrium by pro-
trusions of trophoblast cells, the complete replacement of large areas of lumenal
epithelium by trophoblast in the progenitor region of the placental band, and
the beginning of trophoblast-covered stromal upgrowths are all important features
at the very beginning (Allen 2006). They show marked similarity to the removal of
the lumenal and glandular epithelia of the mare’s endometrium by the specialized
invasive trophoblast cells of the chorionic girdle region of the equine fetal mem-
branes to form the chorionic gonadotrophin (eCG)-secreting endometrial cups
(Allen et al. 1973; Hamilton et al. 1973). There are, however, marked differences
between the horse and elephant as to what happens when the trophoblast has lifted

Fig. 8 (continued) pregnant elephant, the trophoblast layer is seen lying atop of the epithelium-
denuded endometrial stroma with the very first signs of upward growth of short, blunt villi of stroma
(arrows). (d) Section of the placental region in another elephant at an estimated 60 days of gestation
showing blunt villi of trophoblast-invested stroma growing above the surface of the endometrium to
commence the development of the zonary placenta (asterisk). Note the larger trophoblast cells in the
epithelial lining of the apical portions of the endometrial glands (arrows). (e) Low power and, (f)
higher power, sections of the developing placental band in a pregnant elephant carrying a 1.6 g fetus
and therefore estimated to be at 4 months of gestation. The stroma-covered trophoblast stromal villi
are growing straight up from the surface of the endometrium and are now just beginning to branch.
Each villus still has a wide core of endometrial stroma containing the maternal blood capillaries
(arrows). (g) Low and (h) higher power sections at the base of the placental hilus in an elephant at an
estimated 11 months of gestation. The stromal-covered villi are now much taller and branched and
the proportion of endometrial stroma in each villus has lessened so as to bring the trophoblast into
closer contact with the maternal blood capillaries (arrows)
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Fig. 9 Diagrammatic representation of significant morphological changes that occur during devel-
opment of the zonary placental band on the elephant conceptus. (a) Commencing upgrowth of the
trophoblast covered, capillary-filled stromal villi above the surface of the endometrium; (b)
Elongation and branching of the trophoblast-covered lamellae, each containing maternal blood
vessels that are still surrounded by adequate amounts of stromal tissue. Fetal blood cells containing
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the epithelial cells off the basement membrane and bundled them out of the way. In
the horse, the binucleate girdle cells eventually pass through the lumenal and
glandular basement membranes and stream out into the endometrial stroma where
they enlarge and become tightly packed together to form the endometrial cups (Allen
et al. 1973). In the elephant, on the other hand, the trophoblast cells do not invade the
endometrium so deeply and they only penetrate into, and remove the epithelial cells
from the mouths and apical necks of, the endometrial glands (Fig. 8b, d, ). This lack
of invasiveness shown by the elephant trophoblast may be due to a greater cohe-
siveness between cells, or a lack of enzymes necessary to promote deep penetration
of the endometrium. The initially subepithelial capillaries and their associated
stromal cells are clearly hyperstimulated by the presence of the trophoblast to
begin the process of rapid upward growth. Thus, instead of a conventional invasion
of fetal tissue into the maternal layer, protrusions of the latter, led by the proliferation
of the blood vessels, grow up dramatically to supply the demands of an expanding
trophoblast and its steadily growing dependent fetus (Figs. 10 and 11). It seems
likely that the trophoblast cells would secrete sufficient quantities of the vascular
endothelial growth factors (VEGF) family (Gnosh et al. 2000; Charnock-Jones et al.
2001), together with mitogens such as insulin-like growth factor 2 (IGF-2), hepato-
cyte growth factor-scatter factor (HGF-SF), and epidermal growth factor (EGF), to
achieve this rapid growth and accompanying vascularization (Stewart et al. 1995;
Lennard et al. 1995, 1998).

6 Involvement of the Fetal Gonads

Beyond mid-gestation, and in parallel to the similar situation in the pregnant mare,
the gonads of both male and female fetuses begin to enlarge greatly so that they
come to occupy a sizeable proportion of the fetal abdomen by 16—18 months of
gestation (Fig. 12a; Allen et al. 2005). And as in the mare, much of this growth of the
elephant fetal gonads comes from multiplication of the interstitial cells which stain
strongly for the 3f-hydroxysteroid dehydrogenase (3p-HSD) enzyme (Fig. 12b),
thereby indicating their secretion of progestagens. And again, like the pregnant
mare, these progestagens consist of Sa-DHP and other Sa-progestagens rather than
native progesterone. But in sharp contrast to the situation in equine pregnancy, but in

Fig. 9 (continued) nuclei are scattered throughout the mesoderm separating adjacent lamellae; (c)
As the branched stromal lamellae continue to elongate, those at the lateral edge of the band lay over
towards the maternal endometrium to create the blind ending cleft in which the hematogenous zone
will form; (d) In the maternal placental band the now very elongated trophoblast stromal lamellae
become increasingly folded or pleated so as to maximize the available surface area of contact for
placental exchange. Leakage of maternal blood into the lateral clefts of the placental band creates
the hematogenous zones in which the morphologically differentiated trophoblast cells take up blood
components. (Reprinted with permission from Allen et al. 2003)



Placentation in the African Elephant (Loxodonta africana) 197

Fig. 10 Five elephant embryos aged on the basis of their weight using the formula developed by
Craig (1984). (a) 0.47 g = 76 days; (b) 0.50 g = 78 days; (c) 0.55 g = 87 days; (d) 0.75 g = 89 days;
(e) 3.0 g = 96 days (Scale bar = 10 mm). (Reprinted with permission from Stansfield et al. 2012a)

parallel to that in the dog placenta (Hoffmann et al. 1994; Nishiyama et al. 1999), the
elephant placenta secretes neither progestagens nor estrogens (Allen et al. 2002). A
major difference between the enlarged fetal ovaries in the elephant versus the horse
is growth and subsequent regression of multiple follicles (Fig. 12¢) throughout the
second half of gestation in the former. This leads to considerable wastage of oocytes
such that, at birth, a female newborn elephant calf retains approximately 561,000
small follicles compared to the much higher figure of 4,500,000 small follicles found
at 18 months of gestation (Fig. 12d; Stansfield et al. 2012b). Very surprisingly,
however, during the first few years of postnatal life, the prepubertal ovaries of the
female elephant calf show small clusters of cells in their ovarian stroma that stain
positively for a number of stem cell markers, including Stella, Oct-4, Nanog, and Lin
28 (Fig. 13; WR Allen and F Stansfield unpublished finding). Furthermore, counting
small follicle numbers in the ovaries of young prepubertal calves shows a remarkable
recovery in follicle numbers, back to approximately 1,262,000 at 6-8 years of age
(Fig. 14; Stansfield et al. 2012b). Thus, it seems the female elephant calf shows good
evidence of postnatal oogenesis!
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Fig. 11 Eight elephant fetuses aged on the basis of their weight using the formula developed by
Craig (1984). (a) 36 g = 4.1 months; (b) 215 g = 5.3 months; (c) 463 g = 5.9 months; (d)
2.0 kg = 8 months; (e) 7 kg = 11 months; (f) 47 kg = 17 months; (g) 85 kg = 20 months; (h)
139 kg = 22 months (Scale bars: a—¢ =2 cm; d =3 cm; e = 5 cm; f = 10 cm; g and h = 20 cm).
(Reprinted with permission from Stansfield 2012)
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Fig. 12 (a) The reproductive tract of a female elephant fetus at 18 months of gestation showing the
small, underdeveloped uterus and the very enlarged fetal ovaries. (b) Higher power section of the
stroma of the fetal ovary stained with a 3p-hydroxysteroid dehydrogenase antiserum. The interstitial
cells stain strongly to show their secretion of progestagens to support the long-lived corpora lutea in
the maternal ovaries to maintain the pregnancy state. (¢) A histological section of one ovary
showing enhanced primary and secondary follicles throughout the ovarian stroma (x100). (d)
Dot plot showing the numbers of small follicles counted in the ovaries of late-stage female fetuses
and prepubertal female calves. Note the dramatic fall in numbers during the final months of
pregnancy and the significantly large mean numbers again during the first 8 years of postnatal life

7 Postpartum Uterine Involution

Although the band of allantochorion and apposing uterine endometrium involved in
the initial formation of the elephant zonary endotheliochorial placenta in early
gestation is a significant proportion (a quarter to a third) of the whole conceptus at
that time, as gestation advances and the placenta grows and increases exponentially
in size, the original attachment band through which all the maternal blood vessels
pass to vascularize the placenta remains unchanged and is now remarkably small and
narrow (Fig. 7b) compared to the relatively enormous overlying placenta it nourishes
(Fig. 7a). Parturition at term occurs with the mother standing, which means the
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Fig. 13 Sections of the ovaries and testes of young elephant calves between 6 months and 4.5 years
of age showing positive staining of individual or groups of cells with the stem cell markers (a)
Stella, (b) Oct 4, (c) Nanog, and (d) Lin28
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Fig. 14 Mean numbers of (a) early primary, (b) true primary, and (c) all primary follicles counted
in the ovaries of fetuses between 10 months of gestation and term and in female calves from birth to

9 years of age
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Fig. 15 (a) Opened uterus of a female elephant 10 months after calving showing the pronounced
endometrial scar persisting from the previous placental attachment (arrows). (b) Opened uterus of
60-year-old female elephant showing multiple circumferential scars in the endometrium persisting
from several previous pregnancies (arrows). (Reprinted with permission from Allen et al. 2003)

newborn calf rather “plops” out onto the ground dragging the allantochorion and
zonary placenta with it. As a result, the narrow attachment band is literally torn off
the endometrial surface which, in turn, causes considerable hemorrhage into the
uterine lumen (Fig. 7¢). This then takes some months to be fully resorbed, thereby
likely acting as a temporary “contraceptive” to prevent the possibility of a further
pregnancy before complete uterine involution has occurred. Thereafter, a narrow,
but deep and pronounced, endometrial scar passing round the inner circumference of
the uterine horn persists to mark the presence of the previous pregnancy (Fig. 15a)
and by counting these evenly spaced scars in the uteri of adult aging elephants
(Fig. 15b) it is possible to determine accurately the number of previous gestations
each has had as has been demonstrated previously in the bitch by Orfanou
et al. (2009).

8 Conclusions

Three features of pregnancy in the elephant show an interesting similarity to equine
pregnancy. First, initial attachment of the conceptus at the base of one or other of the
uterine horns. Second, development of secondary or accessory CLs in the maternal
ovaries at around 40 days of gestation in response to the commencing secretion of a
luteotropic hormone by the placenta at that time, which is eCG in the mare versus
ePL in the elephant. And third, tremendous growth and enlargement of the fetal
gonads during the second half of gestation and their secretion of steroid hormones to
help support the pregnancy state, which is estrogen precursors in the mare and
progestagens in the elephant. But apart from these few shared aspects, elephant
pregnancy includes some fascinating and apparently unique features. For example, a
prolonged follicular phase before mating and conception, which includes not one,
but two, well-spaced waves of pituitary LH release and resulting follicular growth. A
group of luteinized follicles develops from the first of these LH pulses which, after
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“hanging around” in the ovaries for some weeks, suddenly enlarge greatly and
become converted into highly productive and long-lived accessory CLs by the action
of ePL secreted by the attaching trophoblast. These then function to maintain the
pregnancy state in the face of the steroidogenically inactive placenta.

Then, perhaps the most fascinating aspect of elephant pregnancy is the dramatic
loss of oocytes from the enlarged gonads in the female fetus in late gestation
followed by their apparent replacement during the first 6-8 years of postnatal life.
The elephant is indeed a wondrous and unusual animal, both physically and
physiologically!
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Abstract Placenta forms as a momentary organ inside the uterus with a slew of
activities only when the woman is pregnant. It is a discoid-shaped hybrid structure
consisting of maternal and embryonic components. It develops in the mesometrial
side of the uterus following blastocyst implantation to keep the two genetically
different entities, the mother and embryo, separated but connected. The beginning
and progression of placental formation and development following blastocyst
implantation coincides with the chronological developmental stages of the embryo.
It gradually acquires the ability to perform the vascular, respiratory, hepatic, renal,
endocrine, gastrointestinal, immune, and physical barrier functions synchronously
that are vital for fetal development, growth, and safety inside the maternal environ-
ment. The uterus ejects the placenta when its embryonic growth and survival
supportive roles are finished; that is usually the birth of the baby. Despite its
irreplaceable role in fetal development and survival over the post-implantation
progression of pregnancy, it still remains unclear how it forms, matures, performs
all of its activities, and starts to fail functioning. Thus, a detailed understanding about

S. Panja - B. C. Paria (<)

Division of Neonatology, Department of Pediatrics, Vanderbilt University Medical Center,
Nashville, TN, USA

e-mail: sourav.panja@vumc.org; be.paria@vumc.org

© Springer Nature Switzerland AG 2021 205
R. D. Geisert, T. E. Spencer (eds.), Placentation in Mammals, Advances in Anatomy,
Embryology and Cell Biology 234, https://doi.org/10.1007/978-3-030-77360-1_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-77360-1_10&domain=pdf
mailto:sourav.panja@vumc.org
mailto:bc.paria@vumc.org
https://doi.org/10.1007/978-3-030-77360-1_10#DOI

206 S. Panja and B. C. Paria

normal developmental, structural, and functional aspects of the placenta may lead to
avoid pregnancy problems that arise with the placenta.

Keywords Blastocyst - Decidua - Implantation - Labyrinth - Placenta

Abbreviations

Al Allantois

Am Amnion

AM Antimesometrial side

Amc Amniotic cavity

AVE Anterior visceral endoderm
BC Blastocoel

Bl Blastocyst

Ch Chorion

ChC Chorionic cavity

CM Circular muscle

cTGCs Canal-associated trophoblast giant cells
DC Decidua

DVE Distal visceral endoderm
EC Endothelial cell

ECC Exocoelomic cavity

EEE Extra-embryonic ectoderm
EEEn Extra-embryonic endoderm
Em Embryo

EP Epiblast

EPC Ectoplacental cone

EpcC Ectoplacental cavity

ExEM Extra-embryonic mesoderm
GlyT Glycogen trophoblast

ICM Inner cell mass

IGF-II Insulin-like growth factor II
1z Junctional zone

LE Luminal epithelium

LM Longitudinal muscle

M Mesometrial side

MBS Maternal blood sinusoid
PaE Parietal endoderm

PDZ Primary decidual zone

PE Primitive endoderm
Pro-AmC  Pro-amniotic cavity

PS Primitive streak

p-TGCs Parietal giant cells
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SDZ Secondary decidual zone
SpA-TGC  Spiral artery-associated trophoblast giant cells
SpT Spongiotrophoblast

S-TGCs Sinusoidal trophoblast giant cells
SynT-I Syncytotrophoblast I
SynT-1I Syncytotrophoblast II

TGCs Trophoblast giant cells
Tr Trophectoderm

ViE Visceral endoderm

7P Zona pellucida

1 Introduction

Placenta is a vital organ for the development and growth of the fetus from the time of
implantation to birth. It is responsible for fetal respiratory, nutritional, excretory,
endocrine, and immunological functions. It also has an extraordinary ability to adapt
to adverse maternal and environmental cues and diminishes their impact on the fetus.
It starts to form and grow at the interface of the uterine endometrium and blastocyst
following a successful institution of the blastocyst—uterine contact, known as the
implantation process. Placenta development, growth and maturation are directedly
linked to the blastocyst’s morphogenetic developmental advances to the stages of
first the egg cylinder, then the gastrula, and lastly the fetus (Rossant and Cross 2001).

Placental developmental, positional, and functional defects are threats to preg-
nancy complications such as early pregnancy failure, stillbirth, fetal growth restric-
tion, preeclampsia, and preterm birth. Some pregnancy complications that arise late
in pregnancy such as preeclampsia and preterm birth may reflect errors that occur
during early in placental development (Burton et al. 2016; Hemberger et al. 2020).
There are several major placental abnormalities based on the site of implantation,
degree of trophoblast invasion, and functions of the placenta. The placenta normally
forms onto the upper part of the uterus in humans. However, when it attaches too
deeply it causes problems such as the placenta accreta (firm attachment with the
myometrium), increta (penetration inside the myometrium), and percreta (breach
through the myometrium to nearby organs) (Bauer and Bonanno 2009; Oyelese and
Smulian 2006). On the contrary, inadequate trophoblast invasion has been impli-
cated in the pathophysiology of preeclampsia (Phipps et al. 2019). Placental previa is
a condition when the placenta develops in the lower part of the uterus and partially or
completely covers the cervix (Kollmann et al. 2016). Placental insufficiency is a
disorder marked by insufficient blood flow to the placenta (Brown and Hay 2016;
Browne 1963). Placental abruption occurs when the placenta separates from the
uterus prior to the birth of the baby (Oyelese and Ananth 2006). Placental insuffi-
ciency, placental abruption, and preeclampsia may share a common pathologic
mechanism involving poor placentation and placental ischemia.
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Pregnancy problems due to placental defects are difficult to fix, but the fetal
growth and birth complications can be managed if it is early diagnosed. By far, the
placenta is an understudied organ and, hence, a least understood structure. A better
understanding of the molecular mechanisms responsible for placenta formation,
maturation, and functions will have a great impact on the development of treatment
tools to mitigate pregnancy complications due to placental flaws. Researchers are
relentlessly seeking to reveal what a normal placenta is and how it forms and
performs its various roles. A brief review of previous as well as more recent works
in revealing the origins of the placental cell lineages and the chronology of placental
developmental events during the post-implantation period in mice is described in this
article.

2 The Gist of Preimplantation Embryonic Developmental
Stages

The emergence of placental cell types initiates at the preimplantation embryonic
stage when the totipotent blastomeres start segregating to form trophectoderm
(Tr) and inner cell mass (ICM) lineages (Guo et al. 2020). A haploid female gamete
or ovum when becomes diploid (zygote) as a result of a union with a haploid male
gamete (sperm) through a process called fertilization achieves the ability to undergo
cleavage division and differentiation to create a live organism (Ikawa et al. 2010).
Fertilization of an ovum occurs at the fimbriated end of the oviduct in mice. Mouse
embryos take about 3 days to develop from the zygotic stage to the blastocyst stage
(Fig. 1). The zygote begins 4 days of travel down the oviduct to the uterus. After
three rounds of mitotic division inside the oviduct, the zygote progresses through the
2-cell stage and 4-cell stage to the 8-cell stage. Individual cell in each stage of these
embryos is referred to as blastomere. Blastomeres are considered totipotent (ability
to generate all cell-types required to form an organism) until the early 8-cell stage.
Totipotent to pluripotent transition conceivably begins at this stage when the 8-cell
stage embryo undergoes a process called compaction during which blastomere to
blastomere contact is maximized by polarization and tight adhesion. Thus, compac-
tion marks the beginning of first event of morphogenic and blastomere’s differenti-
ation into two cell lineages that are found in the blastocyst. Subsequent two mitotic
divisions give rise to 16-cell and 32-cell stage embryos, called the morula and
blastocyst, respectively. As the 8-cell embryo transitions to 16-cell, most of the
blastomeres at this stage are positioned outside encircling a few interior blastomeres.
This embryonic stage is termed as the morula. The development of the morula-stage
embryo in mice takes place inside the oviduct. The development of the blastocyst
stage from the morula stage occurs either inside the oviduct or the uterus. There is
evidence that mitotic cleavage stages of blastocyst formation vary among species.
The pig and hamster embryos initiate blastocyst formation at the fourth cleavage
stage (16-cell stage), a cleavage stage ahead of other species such as mice, rats,
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Fig. 1 Preimplantation stages of the mouse embryo. Blastocoel (BC), Epiblast (EP), Inner cell
mass (ICM), Zona pellucida (ZP), Primitive endoderm (PE), Trophectoderm (Tr)

sheep, bovine, humans, and marsupials where blastocyst formation begins at or over
the fifth cleavage stage (>32-cell stage). As the morula transitions to the blastocyst
stage, a fluid-filled cavity known as blastocoel (BC) appears inside the embryo when
Tr cells begin to pump fluid into intracellular spaces, and further differentiation of
blastomeres begins. While a small population of blastomeres that remain as a cluster
inside the blastocyst is named the ICM, a layer of blastomeres that surrounds the BC
and the ICM is called the Tr (Fig. 1) (Chazaud and Yamanaka 2016; Posfai et al.
2019; Rossant and Tam 2009). The number of Tr cells in an early blastocyst is
always higher than ICM cells.

All stages of the preimplantation embryos (1-cell stage to the blastocyst stage)
remain covered by a glycoprotein envelope called the zona pellucida (ZP) (Fig. 1)
and remain buoyant inside the lumens of the oviduct and uterus. The energy required
for zygotic development to the 2-cell stage is derived from the nutrient stored inside
the ovum. In order to continue to develop past the 2-cell stage, the embryo activates
its own genome to produce energy from the prestored nutrients or nutrients seques-
tered from the luminal fluid of the oviduct and uterus. Recent studies suggest that
embryonic gene activation may begin at the mid 1-cell embryo and dramatically
increases during the 2-cell stage (Abe et al. 2018). As the blastocyst matures inside
the uterine lumen, it hatches from the ZP and achieves the attachment capacity to the
uterine endometrium (Yoshinaga 2013). The ICM of the blastocyst contains precur-
sor cells for the epiblast (EP) and primitive endoderm (PE) or hypoblast. Just prior to
implantation, the ICM differentiates to the EP and PE. The EP are precursors of all
the cells of the embryo and extraembryonic mesoderm (Fig. 2). The PE lines the
blastocoel surface of the epiblast and later generates extraembryonic endoderms
(EEEn) such as the parietal and visceral endoderms (PaE and ViE) (Fig. 2). The
location of the ICM or EP within the vesicular blastocyst determines the embryonic
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Fig. 2 The emergence of cell lineages from the blastocyst. Inner cell mass (ICM) and
trophectoderm (Tr)

pole of the blastocyst. The domain of the blastocyst opposite to the embryonic pole is
known as the abembryonic pole. Trophoblast cells that reside over the ICM and later
EP are known as polar trophoblasts (Polar Tr) and the rest of trophoblast cells that
surround the blastocoel are termed mural trophoblasts (Mural Tr). While polar Tr
cells of the blastocyst give rise to extraembryonic ectoderm (EEE) and ectoplacental
cone (EEC) following implantation, mural Tr cells generate trophoblast giant cells
(TGCs) (Fig. 2) (Rossant and Cross 2001). The further development of the zona-
escaped blastocyst to the fetal stage only happens when the blastocyst makes direct
contact with the uterus through a process called implantation. Defects in any
developmental processes of preimplantation embryos due to abnormal cell division,
cell death, cell fate, and differentiation are likely causes of preimplantation embry-
onic death, poor quality of blastocysts, complete implantation failure, or abnormal
implantation leading to placentation defects, miscarriage, preterm birth, and retarded
growth of the fetus.

3 A Gist of the Blastocyst Implantation Process

Blastocyst implantation is a landmark event of pregnancy in which a floating
blastocyst makes attachment with the uterine endometrium (Figs. 3 and 4) to remain
united with it until the birth. Through this process of implantation, a semiallogenic
blastocyst rewards with a shelter, nutrients, oxygen, and immunological protection
for its further development to the egg cylinder stage and beyond. In exchange for
these services, the uterus achieves its one and only reproductive function of carrying
a pregnancy in the preservation of life.

Successful implantation of the blastocyst requires an implantation-competent
blastocyst, a receptive uterus, and a mutualistic interaction between the blastocyst
and the uterus. Blastocyst implantation process is divided into three steps: apposi-
tion, adhesion, and invasion (Carson et al. 2000; Zhang et al. 2013). An anomaly in
any of these stages is considered to be the root cause of instantaneous pregnancy
failure or placental developmental defects leading to later pregnancy complications
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Day 4

Fig. 3 Upper panel: Photographs of the preimplantation day 4 receptive uterus and post-
implantation uteri with implantation sites from days 5 to 8 of pregnancy. Blastocyst implantation
sites (IS) on days 5 and 6 were visualized by intravenous injection of Chicago Blue dye. Lower
panel: Photomicrographs (20x) of Hematoxylin- and Eosin-stained sections of the day 4 preim-
plantation uterus (longitudinal section) and implantation sites (cross sections) of days 5-8 of
pregnancy. Antimesometrial (AM) side, Blastocyst (Bl), Circular muscle (CM), Embryo (Em),
Longitudinal muscle (LM), Luminal epithelium (LE), Mesometrial side (M); Primary decidual zone
(PDZ), Secondary decidual zone (SDZ)
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Fig. 4 Schematic drawings of uterine and embryonic changes during early pregnancy (days 4—6 of
pregnancy). Antimesometrial (AM) side, Embryo (Em), Inner cell mass (ICM), Luminal epithelium
(LE), Mesometrial (M) side, Primary decidual zone (PDZ), Secondary decidual zone (SDZ),
Trophectoderm (Tr)

such as placental insufficiency, preeclampsia, fetal developmental disorders, and
preterm birth (Cha et al. 2012).

In general, the uterine endometrium remains receptive to blastocyst implantation
for a short period which is termed “implantation window” (Paria et al. 1993). In
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humans, the uterus achieves receptivity in the mid-secretory phase (20-26 days)
coinciding with differentiation of endometrial stromal cells into specialized decidual
cells of each 28-day menstrual cycle with or without an occurrence of copulation and
the presence of a blastocyst. Uterine exposure to high levels of progesterone during
the luteal phase is considered critical for changes in the uterus that are needed for
uterine receptivity (Simon et al. 2003). In contrast to the human, the mouse uterus
exposed to only progesterone does not attain receptivity either in the lack or excess
of estrogen. A successful mating during the cycle requires to attain receptivity. The
preimplantation mouse uterus exposed to the augmented level of luteal progesterone
achieves receptivity only when it is exposed to a small rise of circulating ovarian
estrogen level around the noon of day 4 of pregnancy (Paria et al. 1993). An ideal
uterine window of implantation in mice lasts only for a very short period from
midnight of day 4 to early morning of day 5 (Das et al. 1994). Like uterine receptive
state, blastocyst implantation-competent stage is also a determinant factor for initi-
ation of implantation. A study using the delayed implantation model in mice has
shown that activated blastocyst functions as a proinflammatory entity at the time of
implantation (He et al. 2019).

The types of implantation vary from species to species based on the degree of
invasion. The primates and guinea pigs exhibit interstitial type of implantation in
which the blastocyst reaches the stroma disregarding the luminal epithelium (LE). In
cattle, sheep, and pigs, implantation is a superficial type in which embryonic
trophoblasts simply remain attached to the uterine epithelium (no penetration). In
rodents such as mice and rats, implantation is an eccentric type in which a mouse
blastocyst placed itself inside a cup-shaped endometrial crypt (implantation cham-
ber). These crypts are formed on day 4 of pregnancy as a result of occasional inward
folding of epithelial layer primarily in the antimesotrial (AM) side of the receptive
uterus (Figs. 3 and 4) (Cha et al. 2014). Once this cocooning process ends, the
blastocyst initiates contact with LE cells using some of its mural Tr cells positioning
ICM and polar Tr cells of the embryonic pole towards the lumen or mesometrial
(M) side. While mural Tr cells of the abembryonic pole begin initial contact with the
LE in mice, polar Tr of the embryonic pole do this work in humans. However,
placenta is developed exclusively from the polar Tr cells in both species. The early
stage of the contact between the uterus and the blastocyst initiates transformation of
the endometrial stromal cells to decidual cells only at the blastocyst—uterine contact
site. As the contact and direct communication between the uterus and blastocyst gets
stronger, the uterine LE cells at the site of blastocyst contact undergo apoptosis
and/or entosis by the contact-making trophoblast cells to confirm direct contact with
the underneath stromal/decidual cells (Fig. 4) (Li et al. 2015; Zhang and Paria 2006).
Following implantation, the round blastocyst undergoes transformation to form an
elongated “egg cylinder.” This occurs as a result of rapid proliferation of cells of the
EP, PE, and polar Tr.
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4 A Gist of Placentation

Placenta formation begins with blastocyst implantation and keeps on growing
(Figs. 3, 5 and 6). After implantation occurs, the blastocyst implantation site
progressively grows in size from day 5 to day 8 of pregnancy mainly due to
development of the decidua (Fig. 3). Later in pregnancy, the rapid growth of the

Polar Tr
ICM

PE
—)

Mural Tr

Fig. 5 Schematic drawing of the synchronous development of the placenta and the embryo
following blastocyst implantation. Allantois (Al), Amnion (Am), Amniotic cavity (AmC), Anterior
visceral endoderm (AVE), Chorion (Ch), Chorionic cavity (ChC), Distal visceral endoderm (DVE),
Ectoplacental cone (EPC), Ectoplacental cavity (EpcC), Extra-embryonic ectoderm (EEE), Epiblast
(EP), Extra-embryonic mesoderm (ExEM), Inner cell mass (ICM), Parietal endoderm (PaE),
Primitive endoderm (PE), Primitive streak (PS), Pro-amniotic cavity (Pro-AmC), Visceral endo-
derm (ViE), and Trophectoderm (Tr)

fat bk

ay 15 I Day 17

Fig. 6 Photomicrographs of hematoxylin- and eosin-stained histological sections of placentae from
days 9-19 of pregnancy. Decidua (DC), Junctional zone (JZ), Labyrinth (LB)
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Maternal Side

Maternal Artery p-TGC Spiral Artery

Fetal Side

Fig. 7 A schema of a mouse matured placenta. Endothelial cell (EC), Glycogen trophoblast
(GlyT), Junctional zone (JZ), Maternal blood sinusoid (MBS), Parietal TGC (p-TGC), Sinusoidal
TGC (S-TGC), Spiral artery-associated TGC (SpA-TGC), Spongiotrophoblast (SpT),
Syncytotrophoblast I (SynT-I), Syncytotrophoblast II (SynT-II)

placenta and the embryo governs the size of the implantation site. A definite
structure of the placenta in mice is evident by gestational days 10-11. Its develop-
ment finishes by day 15 of pregnancy and maximum volume reaches by day
17 (Coan et al. 2004). It is expelled upon birth of the fetus. It has both maternal
uterine and fetal components. It develops between the uterus and the fetus and acts as
a caretaker of pregnancy and the fetus. Although both the humans and mice have a
hemochorial type of placenta (Hafez 2017), the differences between the human and
mouse placentation are considerable. Unlike the human villous placenta, the site of
placental exchange in rodents in the labyrinth region has a complex arrangement of
maternal and vascular channels (Hemberger et al. 2020). The mouse placenta
comprises of three structures: the maternal decidua, the junctional zone (JZ), and
the labyrinth (Figs. 6 and 7). The maternal decidual zone contains uterine decidual
cells, maternal vasculature, glycogen trophoblast (GlyT) cells, and spiral artery-
associated trophoblast giant cells (SpA-TGC). The JZ contains a p-TGC layer and a
spongiotrophoblast layer consisting of spongiotrophoblasts (SpT) and GlyT cells.
The labyrinth contains chorion-derived epithelial cells and allantois-derived vascular
cells (Fig. 7). Here we review the current understanding of the post-implantation
embryonic events that outline the operational organization of the mouse placenta.

4.1 Uterine Decidua Formation for Placentation

Blastocyst attachment onto the uterine luminal epithelium in mice stimulates uterine
stromal cell proliferation. Transformation of these proliferating stromal cells to
decidual cells initiates shortly after the blastocyst—uterine attachment reaction
(Figs. 3 and 4). It first occurs in antimesometrial (AM) stromal cells that are closest



Development of the Mouse Placenta 215

to the implantation chamber. This avascular and densely packed decidual cell region
that is termed as the primary decidual zone (PDZ) is considered the first protective
scaffold of the implanted embryo. The PDZ formation is fully established by day
6 (Figs. 3 and 4). Later, all other proliferating stromal cells surrounding the PDZ
both at the AM and mesometrial (M) sides transform into decidual cells, forming a
secondary decidual zone (SDZ) (Figs. 3 and 4). While AM decidual cells are
polyploid, M decidual cells are not (Das 2009, 2010). As the pregnancy progresses
from day 5 to 8, the AM decidua degenerates making space for the growing embryo,
while the M decidua gradually thins out to make room for placentation, eventually
forming the decidua basalis. Defective decidua formation may result in infertility or
later onset of pregnancy complications such as preeclampsia, recurrent abortion,
preterm birth, and intrauterine fetal growth restriction.

For a pregnancy to continue further, a solid anchoring of other placental features
onto the decidua basalis and the alteration of maternal spiral arteries into soft vessels
are necessary. Uterine artery at the site of placentation branches into several spiral
arteries by angiogenesis (Figs. 4 and 7). Spiral arteries begin as high-resistance,
low-capacity arteries and remodel to low-resistance, high-capacity structures. The
key regulators of these arterial changes are leukocytes, specifically those localized in
the decidua basalis (Mori et al. 2016). This vascular transformation allows the
increase in maternal oxygenated blood flow needed to sustain the fetus. These spiral
arteries later converge into large arterial canals that cross the JZ to the base of the
chorionic plate. From there, blood flows within small maternal blood sinusoids
(MBS) in the labyrinth towards the junctional zone where they converge in larger
channels that return deoxygenated maternal blood. Arterial canals lack smooth
muscle cells and converge at the junction to the giant cells where they open into
the trophoblast-lined canals that enter the labyrinth (Fig. 7). The veins are large, thin
walled, without trophoblast cells. The umbilical artery branches into arterioles that
carry deoxygenated blood from the fetus to the labyrinth side closest to the junctional
zone. There, they branch into capillaries. The fetal deoxygenated blood with these
capillaries flows in countercurrent with the oxygenated blood from the mother.

4.2 Ectoplacental Cone (EPC) and Egg Cylinder Formation

At implantation, mural Tr cells stop proliferating, but endoreduplicate to form
primary TGCs which help in the attachment of the blastocyst initially with the
uterine LE and later with the stromal compartment. In contrast, polar Tr cells
begin proliferating to create extra- EEE and EPC (Fig. 2). Initially, the polar Tr
grows towards the EP forming the EEE, which shoves the EP in the direction of the
blastocoel. Later, outside cells of the EEE proliferate and grow to form an EPC
towards the uterine lumen and mesometrial side of the uterus. EPC resembles like a
cap on top of the EEE (Fig. 5). When the outside cells of the EPC interlock with the
uterine LE, narcosis of the epithelial cells begins, leaving Tr cells to make direct
contact with the uterine decidual cells. These cells also often surround the decidual
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cells by sending projections. These trophoblast cells are called parietal giant cells
(p-TGCs) that have the largest polyploid nuclei and highest content of nuclei among
all cell-types in the EPC (Bevilacqua and Abrahamsohn 1988, 1989). P-TGCs that
pass through the decidual cells establish contact with the endothelial cells and
displace the cells from uterine capillary walls. On day 8 of pregnancy, the EPC
fully developed (Woods et al. 2018).

Upon implantation, the EP grows, elongates, and transforms into a U-shaped
columnar epithelium (primitive ectoderm) that surrounds the pro-amniotic cavity
(Pro-Amc) (Fig. 5). The formation of the Pro-Amc is accomplished by cavitation.
While EPC is forming, the PE that lines the luminal surface of the EP proliferates and
expands to form the PiE and ViE. The cells of these two endoderms later migrate
along the mural trophoblast cells. The PiE lines the luminal surface of the mural
trophoblasts and the ViE envelops the EP. In a later stage of embryonic develop-
ment, the ViE below the EP thickens and identifies as distal visceral endoderm
(DVE). Cells from the DVE later move to the anterior region of the embryo where
they become known as anterior visceral endoderm (AVE). A second subpopulation
of DVE migrates and assembles at the posterior side of the embryo and form the
primitive streak (PS) (Rivera-Perez et al. 2003; Rivera-Perez and Hadjantonakis
2014).

4.3 Junctional Zone (JZ) Formation

The JZ arises from the cells of the core of the EPC. It is situated between the
labyrinth and the maternal decidua (Figs. 6 and 7) and functions as a source of
hormones, growth factors, and energy that are required for normal growth of the
placenta and the embryo. The JZ developmental defects are considered a leading
cause of placental as well as fetal growth retardations. The JZ consists of two layers:
A p-TGC layer that directly borders the decidua and a spongiotrophoblast (SpT)
layer which consists of SpT and GlyT cells (Fig. 7). While SpT cells are dense,
compact, and nonmigratory, GlyT cells are vacuolated and often migrate to the
decidua through p-TGC layer (Simmons and Cross 2005). Studies have suggested
that SpT and GlyT cells originate from unique cell-types of the EPC. SpT and GlyT
cells also surround the central canals that pass through the labyrinth and canal-
associated trophoblast giant cells (cTGCs) which lines the canal (Fig. 7). GlyT cells
serve as an energy source as they store glycogen and are also source of insulin-like
growth factor II (IGF-II). SpT cells along with TGCs are the main source of
hormones and growth factors (Woods et al. 2018).



Development of the Mouse Placenta 217
4.4 Labyrinth and Gastrulation Formation

Labyrinth is the largest structure of the placenta and is formed next to the JZ (Figs. 6
and 7). It is a vital but a complex structure by organization and function. The
construction of labyrinth involves interactions among three structures: the EPC,
the chorion, and the allantois (Fig. 5). The EPC and chorion are formed from
trophoblast cells, whereas the allantois is derived from extraembryonic mesoderm
which originates from the epiblast.

The PS formation is the first morphological landmark of gastrulation (E 6.5) and
labyrinth construction (Fig. 5). At gastrulation, the PS forms on the side of the
embryo opposite to the AVE, denoting AVE as the anterior pole of the body axis and
PS as the posterior pole of the embryo (Rossant and Tam 2009). The PS is the site
where cells undergo an epithelial-to-mesenchymal transition. As the PS elongates,
epiblast cells that are on the inside of the cup ingress up in the streak. The EP cells
that move through the streak become mesoendoderm which are the precursors not
only for embryonic mesoderm and extraembryonic mesoderm (EXEM) of the cho-
rion (Ch), amnion (Am), yok sac and allantois (Al) but also for amniotic ectoderm as
well as embryonic ectoderm and endoderm (Fig. 2). After they exit the primitive
streak, the cells create a wave of mesoendoderm that expands between the visceral
endoderm and epiblast (Woods et al. 2018).

Chorion Formation

During gastrulation, the EEE folds inside the Pro-AmC from both sites and fuses
together forming the ectoplacental cavity (EpcC) (Fig. 5). At the same time, a
chorionic or exocoelomic cavity (ChC) is formed when extraembryonic mesoderm
(EXxEM) grew from the ventral and dorsal regions of the allantois and reaches the
anterior margin of the egg cylinder through the Pro-AmC. The allantois initially
arises from the PS as a bud. Later it grows and expands within the exocoelomic
cavity. The cavity that remains in contact with the EP is called the amniotic cavity
(AmC). Proximal EXEM normally grows along the base of the EEE of the
ectoplacental cavity and together form the chorion (ChC). The area that contains
these two layers is called the chorionic plate. Distal EXEM when it comes in contact
with a layer of embryonic ectoderm form the amnion (Am) that lies in between the
ChC and AmC. At day 7 of pregnancy, extraembryonic mesoderm cells of the
allantois proliferate and grow inside the chorionic cavity reaching the chorion.
This eliminates the EpcC and brings the chorionic plate in contact with the EEC.
Chorionic plate now is a multilayered structure and becomes known as the chorio-
allantoic plate (Simmons et al. 2008).
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Allantois (Al) and Yolk Sac

The AL forms the fetal vascular compartment of the placenta and umbilical cord in
mice (Arora and Papaioannou 2012). It arises as a bud of mesoderm from the
primitive streak and grows toward the chorion through the exocoelomic cavity.
The growing allantois consists of an outer layer of mesothelium that envelops a
mesenchymal core (Fig. 5). Endothelial cell (EC) generation starts in the allantois
from the mesenchyme. Whether hematopoietic cells arise from the endothelium or
its mesenchyme is still a matter of debate. However, studies suggest that hemato-
poietic cells in placenta emerge via endothelial to hematopoietic transition. The ECs
initially form a primary vascular plexus and connect with the dorsal aortae of the
embryo prior to chorio-allantois fusion. The primary plexus then remodels to form
the central vessel by a process called vasculogenesis and later the umbilical artery
and vein at day 10 of pregnancy (Azevedo and Pelajo-Machado 2018). The artery
and vein then invade chorion by angiogenesis forming the fetal vascular components
of the labyrinth. After chorio-allantoic attachment, the chorion begins to form the
villi across the chorionic surface creating spaces into which the fetal blood vessels
grow from the allantois (Downs 1998; Downs and Gardner 1995).

The maternal blood spaces within the labyrinth are separated by three layers of
trophoblast cells and a layer of fetal endothelial cells. The three layers of trophoblast
cells are a layer of mononuclear sinusoidal trophoblast giant cells (S-TGCs) that
surround maternal blood sinusoids followed by two layers of syncytiotrophoblasts,
SynT-I, and SynT-II in contact with fetal vessels on the opposite site (Fig. 7).
Syncytiotrophoblast cell layers are multinucleated and form as a result of trophoblast
cell-cell fusion. SynT-II remains in contact with fetal endothelial cells. Thus,
maternal blood comes in direct contact with trophoblast cells rather than endothelial
cells of the vasculature in mice (Watson and Cross 2005).

Yolk sac is composed of two layers: The ViE and the EXEM. The difference
between the mouse and human yolk sacks is that while the mouse yolk sac envelops
the embryo, human yolk sac remains attached to, but does not envelop the embryo
(Freyer and Renfree 2009). It has been shown that mouse yolk sac contains in vivo
colony forming cells capable of producing granulocytic, megakaryocytic, and ery-
throid spleen colonies (Garcia and Larina 2014; Palis and Koniski 2005; Yamane
2018). Thus, yolk sac may be an exporter of hematopoietic stem cells which
subsequently colonize other hematopoietic sites. It has been long known that yolk
sac produces cholesterol, an essential component of the membrane and steroid
synthesis (Woollett 2011). Furthermore, the endoderm layer of the yolk sac
expresses growth factors and transcription factors that are required for
vasculogenesis and angiogenesis (Freyer and Renfree 2009).
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5 Conclusion

As the placenta is a principal transient organ of nutrient supply to the growing
embryo during pregnancy, adequate placental function is instrumental for develop-
mental progression of the intrauterine embryo. Studies have established that defects
or delay in implantation, uterine stromal cell decidualization or uterine vascular
remodeling at the implantation site lead to a spectrum of pregnancy complications
such as poor placentation, embryonic demise, or abnormal embryonic growth and
development.

The mouse is the leading model system for studying and understanding the basic
structural and functional aspects of the placenta due to ethical constraints and
inaccessibility of very early human implantation tissues. In this regard, gene expres-
sion and manipulation studies in mice have provided a wealth of information. The
cell lineage tracing studies established that the majority defining structures of the
placenta is originated from trophoblast cells of the blastocyst, but endothelial cells
that make the fetal placental vasculature is aroused from the ICM of the blastocyst.
Phenotypic analysis of global as well as conditional gene knockout mice has
provided further information about key roles of genes and gene networks behind
the complex morphological and molecular events that occur during placenta forma-
tion. More recently stem cell technologies have also begun to shed new lights on the
origin of placenta cell lineages. So far thousands of genes that cause either embry-
onic lethality and/or placental defects have been identified. However, it is also
possible that there are hundreds if not thousands of genes that influence placental
developmental and functional defects remain to be identified. Taken together,
gaining insights into genes and gene networks that affect implantation,
decidualization, and placental structural and functional defects using the mouse
model will promote the study of human pregnancy complication involving placental
and embryonic developmental defects.
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Abstract Placentation in humans is precocious and highly invasive compared to
other mammals. Implantation is interstitial, with the conceptus becoming completely
embedded within the endometrium towards the end of the second week
post-fertilization. Villi initially form over the entire surface of the chorionic sac,
stimulated by histotrophic secretions from the endometrial glands. The secondary
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yolk sac never makes contact with the chorion, and a choriovitelline placenta is
never established. However, recent morphological and transcriptomic analyses sug-
gest that the yolk sac plays an important role in the uptake of nutrients from the
coelomic fluid. Measurements performed in vivo demonstrate that early develop-
ment takes place in a physiological, low-oxygen environment that protects against
teratogenic free radicals and maintains stem cells in a multipotent state. The maternal
arterial circulation to the placenta is only fully established around 10-12 weeks of
gestation. By then, villi have regressed over the superficial, abembryonic pole,
leaving the definitive discoid placenta, which is of the villous, hemochorial type.
Remodeling of the maternal spiral arteries is essential to ensure a high-volume but
low-velocity inflow into the mature placenta. Extravillous trophoblast cells migrate
from anchoring villi and surround the arteries. Their interactions with maternal
immune cells release cytokines and proteases that are key to remodeling, and a
successful pregnancy.

Keywords Human - Trophoblast - Histotroph - Secondary yolk sac -
Cytotrophoblastic shell - Spiral arterial remodeling

1 Introduction

Placentation in humans has long been considered almost unique amongst mammals,
involving a precocious and highly invasive form of implantation only seen amongst
the great apes. The embedding of the conceptus into the uterine wall was assumed to
lead to early establishment of the maternal circulation, which in turn enabled the
evolution of our enlarged brain. Over the last two decades these views have been
challenged from various directions. Firstly, molecular phylogenetics has revealed
that the hemochorial state is likely the ancestral form of placenta and not the derived
form once thought (Wildman et al. 2006; Carter and Mess 2007; Martin 2008; Elliot
and Crespi 2009). Secondly, despite major morphological differences it has become
apparent that many aspects of human placentation are more equivalent to those in
other species than previously appreciated. This is particularly true during early
pregnancy, for it is now recognized that humans display an extended period of
histotrophic nutrition that continues throughout organogenesis, and that the yolk sac
is likely not the vestigial organ it is often portrayed to be. In this chapter we focus on
the development of the human placenta, and make comparisons with closely related
higher primates.
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2 Origin of the Trophoblast Lineage

Although the trophoblast is fundamental to the placenta, defining the lineage in
molecular terms is problematic, for as yet no exclusive marker has been identified.
Instead, it has been proposed that a panel of four criteria be used, including
(1) selected protein markers such as cytokeratin 7 (KRT7), TF activator protein-2
gamma (TFAP2C), and GATA-binding protein 3 (GATA3), (2) expression of
microRNAs from the C19 cluster, (3) hypomethylation of the promoter of the
transcription factor ELFS, and (4) absence of expression of the HLA class I mole-
cules HLA-A and HLA-B (Lee et al. 2016). Individual components of this panel may
feature in different cell types, but collectively they serve to uniquely define the
trophoblast.

Activation of the embryonic genome occurs between the 4- and 8-cell stage of
development (Braude et al. 1988), and blastocyst formation is usually seen by day
4.5 post-fertilization (p-f). The epigenetic and transcriptional networks that regulate
differentiation into the trophoblast lineage are broadly conserved between the mouse
and the human (Hanna et al. 2018), although primate development is protracted
compared to that of rodents (Niakan and Eggan 2013). There are important differ-
ences, however. For example, while CDX2, TEAD4, ELFS, and TFAP2C are
common to both species, SOX2, ERSB, and EOMES are absent in the human
(Soncin et al. 2018; Hemberger et al. 2020). Single-cell sequencing of blastocysts
has revealed that two subpopulations of trophectoderm cells can be identified by
days 67 p-f (Petropoulos et al. 2016). The differences in gene expression are mostly
related to cell—cell signaling, and consistent with a more differentiated subpopulation
localized using immunofluorescence for the chemokine receptor 7 (CCR7) protein to
the polar region of the blastocyst overlying the inner cell mass. The receptor for
fibroblast growth factor, FGFR1, which is initially expressed on all the trophoblast
cells becomes localized to the same region as the blastocyst develops (Niakan and
Eggan 2013).

3 Implantation

Implantation takes place at ~5-6 days p-f, and as in other species requires a
synchronized dialogue between a receptive endometrium and an activated embryo
(Teh et al. 2016). Attachment of the blastocyst to the uterine luminal epithelium
occurs at a point equidistant between openings of the uterine glands. The polar
trophoblast overlying the inner cell mass adheres preferentially, presumably
reflecting the different properties of this subpopulation. Malrotation of the blastocyst
at this stage will lead to the connecting stalk, the forerunner of the umbilical cord, not
being centralized over the developing placenta, resulting in an eccentric, or even a
velamentous cord insertion. Heparin-binding epidermal growth factor-like growth
factor (HB-EGF) expressed by the uterine luminal epithelium has been identified as a
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Fig. 1 Human blastocyst implanting at Carnegie stage 5A, approximately 7 days p-f. (a) The
trophoblast in contact with the endometrium has differentiated into a primary syncytiotrophoblast
(syntr) that contains nuclei of different sizes and chromatin patterns, and a population of underlying
uninucleate cytotrophoblast progenitor cells. The mural trophectoderm of the abembryonic pole of
the blastocyst is draped over the inner cell mass (ICM) and is still exposed to the uterine lumen as
the uterine epithelium (ue) has not yet reformed. eg, endometrial gland. (b) A section towards the
margin of the implantation site showing the primary syncytiotrophoblast (syntr) eroding into the
wall of an endometrial gland (eg), making the histotroph available. (Photomicrograph courtesy of
Prof. AC Enders and the Carnegie Collection)

key factor in the initial attachment, binding to members of the EGF family of
receptors present on the surface of the trophoblast (Cha et al. 2012). Later, integrins,
L-selectin ligands and selectin oligosaccharides are also involved.

Our knowledge of events during and immediately following implantation is
extremely limited due to the inaccessibility of the tissues. Attempts have been
made to mimic the process in vitro, culturing blastocysts on monolayers of endo-
metrial cells (Lindenberg et al. 1989; Bentin-Ley et al. 2000). These have confirmed
that implantation is of the intrusive type, with protrusions of trophoblast penetrating
between and displacing the uterine cells. Where the trophoblast cells make contact
with the epithelium they undergo proliferation and differentiation, fusing with
neighbors to form small areas of multinucleated syncytial trophoblast. The same
phenomenon occurs when blastocysts are cultured on plastic, suggesting it does not
require biological signals from another tissue (Shahbazi et al. 2016). Mitotic figures
are not seen within the syncytial masses, and the deeper trophoblast cells that formed
the original wall of the blastocyst remain uninucleate and represent a progenitor
population, the cytotrophoblast cells. Some of these cells most likely represent true
trophoblast stem cells, but as yet molecular markers that characterize such cells
unequivocally have to be identified.

The most extensive collection of human implantation material is the Carnegie
Collection. The earliest specimen available (Carnegie stage 5a) shows a partially
embedded conceptus; the uterine epithelium has been penetrated but not yet grown
over the surface of the sac (Fig. 1). A flattened mass of syncytial trophoblast is
apposed to the endometrium and performs the initial invasion (Enders 1989), and
hence this is referred to as the trophoblastic plate stage of development. Nuclei
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within the syncytial masses are of different sizes and chromatin appearances,
possibly reflecting either fusion between the trophoblast and maternal cells, or a
progression towards polyploidy (Enders 2001). The mural trophoblast on the oppo-
site pole of the gestational sac remains unicellular and projects into the uterine
lumen. There is little evidence of transformation of the endometrial stromal cells
into decidua.

Although human implantation is of the interstitial type and described as invasive,
this terminology may create a false impression, for there is evidence that up growth
of the endometrial cells plays an important role in encapsulating the conceptus.
Thus, the original descriptions of human early implantation sites describe mitotic
figures in the endometrial stromal cells close to the conceptus (Hertig and Rock
1941). More recent experimental data also support the concept of trophoblast-
induced proliferation and subsequent migration around, and over, the conceptus to
form the decidua capsularis (Gellersen et al. 2010). This view is compatible with
high-resolution ultrasound scans showing the implantation site raised above the
general level of the endometrial surface, bulging into the uterine lumen. The
conceptus therefore always lies in the superficial layer of the endometrium, and it
is regression of the underlying endometrium, by then converted into the decidua
basalis, that allows it to sink deeper into the uterine wall (Hempstock et al. 2004).

4 The Lacunar Stage of Placental Development

With the reestablishment of the uterine epithelium at stage 5b, (~day 8 p-f), the
syncytial trophoblast expands to cover the entire chorionic sac (Fig. 2). A key step in
placental development occurs at the same time when fluid-filled spaces, referred to
as lacunae, appear in the syncytial mass. As these enlarge and coalesce they
subdivide the mass into two layers, one in contact with the endometrium, the
forerunner of the basal plate, and one in contact with the cytotrophoblast cells of
the original blastocyst wall, the forerunner of the chorionic plate. This separation
establishes the boundaries of the placenta, with a series of pillars of syncytial
trophoblast, the trabeculae, extending between the two and representing forerunners
of the anchoring villi.

During this process, a new type of syncytial trophoblast arises that resembles the
syncytiotrophoblast of the definitive placenta. It forms a unilaminar microvillous
polarized epithelium that lines the lacunae, and represents a transition from the early
invasive form to one suited for absorption and transport processes (Enders 1989).

At its outer surface, the original syncytial trophoblast erodes into the maternal
capillaries within the superficial endometrium, which are dilated in the vicinity of the
implantation site. Consequently, erythrocytes are released into the lacunae, although
they are surprisingly few in number and have pale-staining characteristics (Hertig
et al. 1956; Hamilton and Boyd 1960). Movement, if any, through the lacunae must
be like a slow venous ebb and flow (Hamilton and Boyd 1960), and does not
represent an effective maternal arterial circulation. The early syncytial trophoblast
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Fig. 2 Photomicrograph of a human conceptus at Carnegie stage SB. The uterine epithelium
(ue) has almost completely regrown over the implantation site. Fluid-filled spaces, the lacunae (1),
have developed in the syncytiotrophoblast (syntr), and contain occasional erythrocytes released
from an endometrial capillary eroded by the trophoblast (arrow). The syncytiotrophoblast also
appears to be eroding into an endometrial gland (eg). The inner cell mass has differentiated into an
epiblast layer that is continuous with the amnion, enclosing the amniotic cavity (ac), and hypoblast
layer that grows around the inside of the cytotrophoblast cells (asterisk) to form the primary yolk sac
(pys). (Photomicrograph courtesy of Prof. AC Enders and the Carnegie Collection)

also surrounds neighboring uterine glands (Hertig and Rock 1941; Enders 1989).
The gland epithelial cells appear degenerate at these sites, establishing communica-
tions with the lacunae and enabling the continuance of histotrophic nutrition despite
the interstitial form of implantation.

During this stage of development, cells derived from the hypoblast layer of the
embryonic germ disc grow round the inner surface of the cytotrophophoblast cells,
forming the primary yolk sac. Shortly after, extraembryonic mesoderm differentiates
between the two tissues. The origin of the extraembryonic mesoderm in the human is
still uncertain. Early reports suggested that it arises by delamination from the inner
surface of the trophoblast (Hertig and Rock 1941), but the fact that the trophoblast
rests on a well-defined basement membrane (Knoth and Larsen 1972) renders this
unlikely. An alternative suggestion was that the mesoderm results from gastrulation
that occurs at the most caudal end of the primitive streak before the main streak is
established, the cells migrating over the inner surface of the trophoblast rather than
penetrating the germ disc (Luckett 1978). Studies of macaques indicated an origin
from the hypoblast layer as a further possibility (Enders and King 1988). Recent
support for this observation comes from molecular analyses demonstrating that the
two tissues share a number of common markers, in particular high expression of
GATA4 and GATA6 (Nakamura et al. 2016). Although the precise origin remains
uncertain, present evidence indicates that the extraembryonic mesoderm arises from
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the hypoblast layer or jointly from the epiblast and hypoblast layers (Boss et al.
2018). Once differentiated, extraembryonic mesoderm rapidly extends over the inner
surface of the trophoblast. Henceforth, the two layers are referred to as the chorion,
and the blastocyst as the chorionic sac.

Around day 12 p-f, the cytotrophoblast cells lying beneath the
syncytiotrophoblast proliferate and penetrate into the trabeculae as cellular columns.
Approximately 2 days later the cells reach the tips of the trabeculae, whereupon they
extend through the syncytiotrophoblast and spread laterally, coalescing with neigh-
bors to form a new layer interposed between the syncytiotrophoblast and the
endometrium, the cytotrophoblastic shell (Boyd and Hamilton 1970; Burton and
Jauniaux 2017). The importance of the shell will be considered later.

5 Early Villus Development

Continued cytotrophoblast cell proliferation results in side branches forming on the
trabeculae and protruding into the lacunae. These branches represent primary villi,
and are composed of a cytotrophoblast cell core with a covering of
syncytiotrophoblast. Their presence marks the beginning of the villous stages of
placentation. Further proliferative activity, with branching of the primary villi,
initiates the development of primitive villous trees. As the trees are derived from
the former trabeculae, they are always continuous with the developing chorionic
plate. At the same time, the lacunar system is, by definition, transformed into the
intervillous space.

After a further 2 days, around day 15 p-f, mesenchymal cells derived from the
extraembryonic mesoderm lining the developing chorionic plate invade the primary
villi, transforming them into secondary villi. Within a few days, the mesenchyme
extends towards the villous tips, but never reaches as far as the cytotrophoblastic
shell. Rather, the distal segments of what are now referred to as anchoring villi
remain as cytotrophoblast cell columns. These columns are largely devoid of a
covering of syncytiotrophoblast. A stem/progenitor cell niche persists at the proxi-
mal end of each column adjacent to the mesenchymal core where the cytotrophoblast
cells continue to proliferate (Hemberger et al. 2010; Lee et al. 2018). Daughter cells
differentiate under the influence of Notch signaling (Haider et al. 2016), and lose
their mitotic potential as they move distally along the column. Ultimately they feed
into the shell. The length of the columns reduces as pregnancy advances, reflecting
the decline in proliferative potential of the cytotrophoblast cells after the end of the
first trimester (Hemberger et al. 2010; Soncin et al. 2018).

Beginning between days 18 and 20 p-f, the first fetal capillaries can be observed
within the mesenchyme of the secondary villi and the developing chorionic plate.
They form in situ from hemangioblastic progenitor cell clusters, which in turn
differentiate from the mesenchyme (Dempsey 1972; Demir et al. 1989; Robin
et al. 2009; Aplin et al. 2015). The same progenitor cells give rise to groups of
hematopoietic stem cells that form nucleated erythrocytes surrounded by the
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Fig. 3 Photomicrograph of a human conceptus at Carnegie stage 7, approximately 15-17 days p-f.
The decidua capsularis (dc) now covers the conceptus which lies in the superficial endometrium.
Villi (v) cover the entire surface of the chorionic sac. The villi are at the secondary stage, having a
covering of trophoblast and a core of extra-embryonic mesenchyme (eem). They are separated by
the lacunae (1). At their tips the villi are continued as a cytotrophoblast cell column (cc) of
extravillous trophoblast cells, and these merge with neighbors at the maternal—fetal interface to
create the cytotrophoblast shell (cs). By comparison, the embryo within the coelomic cavity (c) is
relatively poorly developed, comprising a columnar epiblast layer that is continuous with the
amnion (a) and the hypoblast that is continuous with the primary yolk sac (pys). (Photomicrograph
courtesy of Prof. AC Enders and the Carnegie Collection)

developing endothelium. The appearance of capillaries in the villous mesenchymal
stroma marks the development of the first tertiary villi.

Initially, villi form over the complete surface of the chorionic sac creating the
chorion frondosum (Fig. 3), and by the end of this period the essential framework of
the placenta is established.

6 The Cytotrophoblastic Shell

The cytotrophoblastic shell is best developed in early pregnancy when it is several
cells thick and provides a means for rapid circumferential expansion of the implan-
tation site (Hamilton and Boyd 1960). The cells have a distinctive phenotype, being
rounded and containing large amounts of glycogen (Figs. 3 and 4). The shell helps
create a unique microenvironment in which placental development is stimulated,
while at the same time protecting the embryo against the potentially teratogenic
effects of reactive oxygen species during the critical phase of organogenesis
(Jauniaux et al. 2003a). In particular, when the outer surface of the shell encounters
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Fig. 4 Photomicrographs of a developing placenta at approximately 4 weeks p-f. (a) The chorionic
sac is covered by the decidua capsularis (dc) and projects into the uterine lumen above the general
line of the endometrium (e) which is asterisked. The chorionic sac has been opened on the
superficial aspect and the embryo removed. Villi can be seen arising from the developing chorionic
plate (cp). There has been hemorrhage into some of the endometrial glands. m, myometrium. (b)
The mesenchymal stromal core does not extend to the tips of the anchoring villi (av) which
terminate as the cytotrophoblast cell columns (ccc). Cytotrophoblast cells proliferate at the proximal
ends of the columns, differentiate into extravillous trophoblast as they move down the column, and
merge with neighbors to form the cytotrophoblastic shell (cs) at the maternal—fetal interface. At the
maternal surface of the shell, cells undergo an epithelial-mesenchymal transition to form darkly
staining spindle-shaped interstitial trophoblast (arrowed) that invades into the endometrium (e). (c)
The epithelial covering of the villi comprises an outer multinucleated layer of syncytiotrophoblast
(s) and an underlying layer of uninucleate villous cytotrophoblast progenitor cells (c). The mesen-
chymal cells of the core are loosely packed and sail-like processes form fluid-filled stromal channels
(sc) in which villous macrophages (arrowed) are often observed. (d) Specimen at 9 weeks p-f
showing a spiral artery outlined by deposition of pink-staining fibrinoid plugged by endovascular
trophoblast (et). Ink injected into the uterine artery can be seen within the intercellular spaces
reaching the cytotrophoblastic shell (cs), indicating the possibility of a slow seepage of plasma into
the intervillous space. Scale bars; 5 mm, 250 pm, 100 pm, and 100 pm respectively. Stain a—c
Masson’s trichrome, d hematoxylin, and eosin

the tip of a maternal spiral artery, cells migrate down the lumen of the artery as
endovascular trophoblast. The volume of this migration is such that the trophoblast
effectively “plugs” the mouths of the spiral arteries, restricting any inflow into the
placenta to a slow seepage of plasma and largely excluding erythrocytes (Fig. 4d)
(Hamilton and Boyd 1960; Hustin et al. 1988; Burton et al. 1999; Saghian et al.
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2019). Towards the end of the first trimester, channels develop progressively within
the plugs (Burton et al. 1999; Roberts et al. 2017), but contrast-enhanced ultrasound
has revealed that flow does not significantly increase until around 12—13 weeks of
gestation. Thus, it is thought that more proximal segments of the utero-placental
vasculature may be rate limiting, in particular the radial arteries that do not undergo
remodeling until the end of the first trimester (Roberts et al. 2017). This view is
supported by computational models of the utero-placental vasculature that reveal the
radial arteries to be a site of major resistance within the network (Clark et al. 2018).
Overall, the effect is that placental development from implantation until the end of
the first trimester occurs in a physiological low-oxygen environment of approxi-
mately 20 mmHg (Jauniaux et al. 2000, 2001).

This environment should not be considered hypoxic as has sometimes been the
case, for there is no evidence that the tissues are energetically compromised
(Cindrova-Davies et al. 2015; Gorr 2017). Instead, phylogenetically old carbohy-
drate metabolic pathways involving polyols are highly active, allowing glycolysis to
continue at a high rate without reliance on fermentation to lactate (Jauniaux et al.
2005; Burton et al. 2017). These pathways are closely linked to the pentose phos-
phate pathway, and have the added advantage that carbon skeletons are preserved
and can be used for synthesis of nucleotides in support of cell proliferation. The one
requirement is a rich supply of glucose, and this is provided by the histotroph from
the uterine glands, as will be discussed later. Polyols are also powerful osmolytes
and may facilitate the drawing of water across the placenta to expand the coelomic
and amniotic cavities.

Plugging of the spiral arteries during early pregnancy appears essential, and has
also been observed in the rhesus macaque (Ramsey and Donner 1980). Poor
development of the shell is associated with early onset of maternal blood into
extensive areas of the placenta and spontaneous miscarriage, irrespective of the
embryonic karyotype (Hustin et al. 1990; Jauniaux et al. 2003b). High levels of
oxidative stress are observed in the placental tissues along with widespread degen-
eration of the syncytiotrophoblast (Hempstock et al. 2003b). Mechanical disruption
of the maternal-fetal interface through intrauterine subchorionic hematomas may
also lead to focal oxidative stress and weakening of the placental membranes (Johns
et al. 2006; Burton and Jauniaux 2017).

7 Placental Development During the First Trimester

Once the main framework of the placenta is established, there is a period of rapid
growth, far in excess of that of the embryo. New villi are formed from the lateral
aspects of the anchoring villi as a result of villous sprouts that arise from the
syncytiotrophoblast (Burton and Jones 2009). Initially, these club-shaped projec-
tions contain only syncytioplasm, but may contain aggregates of euchromatic nuclei
in the expanded head. The proximal end is invaded by first cytotrophoblast and then
by mesenchymal cells so that they undergo the same primary, secondary and tertiary



Placentation in the Human and Higher Primates 233

stages seen following implantation. The original anchoring villi form the stem villi
of the definitive placenta, and the new villi form progressively smaller branches,
generations of intermediate villi that are free-floating. Terminal villi start to differ-
entiate only after 20 weeks of gestation (Jackson et al. 1992), and so are not seen at
this stage.

Villi during the first trimester have a low surface area—to-volume ratio, are
relatively poorly vascularized, and so not well adapted to facilitate exchange
(Fig. 4c). The trophoblast epithelium is two layered, with an outer layer of
syncytiotrophoblast and a complete underlying layer of cytotrophoblast cells. The
majority of these cells immunostain positively for CDX2, a marker of trophoblast
stemness, and for Ki67, a proliferation marker, suggesting they are undergoing
active division (Burton et al. 2020). This prolific expansion may be facilitated by
the low oxygen concentration, which maintains embryonic stem cells in a pluripotent
state (Lees et al. 2017), and stimulates trophoblast proliferation in first trimester
primary cultures (Genbacev et al. 1996) and explant models (Caniggia et al. 2000).

The mesenchymal cells of the villous core are quite sparse, and have long sail-like
processes that unite with neighbors to form a meshwork enclosing fluid-filled
channels (Martinoli et al. 1984; Burton 1987). At the proximal end of the stem
villi these channels appear to be in free communication with the coelomic cavity of
the chorionic sac, and hence may facilitate diffusion of oxygen and nutrients into the
cavity in the absence of an effective chorionic circulation. Villous macrophages, also
referred to eponymously as Hofbauer cells, are frequently observed within the
channels (Fig. 4c¢) (Castellucci et al. 1980). They are thought to arise initially by
differentiation in situ from the hemangioblastic cultures (Demir et al. 1989), but once
the feto-chorionic circulation is established at around 8-10 weeks of pregnancy they
may be supplemented by bone marrow-derived monocytes. Semi-quantitative esti-
mates indicate they represent approximately 40% of all stromal cells, both in early
pregnancy and at term (Goldstein et al. 1988). They can be easily recognized by their
large size, 10-35 pm in diameter, and rounded appearance with a highly vacuolated
cytoplasm. It is thought they perform immune surveillance (Reyes et al. 2017), but
may also have an importance in regulating placental morphogenesis. Later in
pregnancy they are closely approximated to vascular structures and the trophoblast
basement membrane, and are immunopositive for a number of growth factors
(Benirschke et al. 2012).

During the first trimester the endometrial stromal cells undergo the decidual
transformation. While this change may occur during the secretory phase of the
non-pregnant cycle, it is very limited in its extent. In the early weeks of a pregnancy
the transformation becomes more extensive, involving the endometrium around the
entire uterine wall. The region beneath the developing placenta is henceforth referred
to as the decidua basalis, and the remainder of the uterine lining as the decidua
parietalis. The thin layer overlying the implantation site is the decidua capsularis.
Decidual cells are characterized by their enlarged size and rounded shape, and
secrete a number of factors, including prolactin, IGF-binding protein, and relaxin.
The decidua plays an important role in modulating trophoblast invasion as evidenced
by the deep, unregulated invasion seen at sites of ectopic implantation, such as in the
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fallopian tube, where decidua is absent. The decidua is also essential for supplying
histotrophic nutrition to the conceptus during early pregnancy.

8 Histotrophic Nutrition

The communications between the uterine glands and the placenta seen at the time of
implantation persist throughout the first trimester (Hamilton and Boyd 1960; Burton
et al. 2002; Moser et al. 2015), enabling an extended period of histotrophic nutrition
prior to onset of the maternal placental circulation. The epithelial cells lining the
glands undergo a characteristic morphological change during early pregnancy,
referred to as the Arias-Stella reaction (Arias-Stella 2002). They adopt a
hypersecretory phenotype that appears to be endocrine mediated as it occurs even
in ectopic pregnancies. Glycogen accumulates within the apical cytoplasm of the
cells, and may be released through a combination of apocrine secretion and conver-
sion into glucose through the actions of glycogen phosphorylase (Demir et al. 2002;
Jones et al. 2015). Lipid droplets are also prominent in the secretions (Hempstock
etal. 2004). The secretions are delivered into the intervillous space through openings
in the cytotrophoblastic shell, and later the developing basal plate (Burton et al.
2002: #157; Hempstock et al. 2004). They disperse within the intervillous space and
immunofluorescence studies confirm uptake by the syncytiotrophoblast where they
co-localize with the lysosomal pathway (Hempstock et al. 2004). Breakdown of
maternal proteins may provide the amino acids and elements required for anabolic
pathways within the trophoblast similar to that seen in the rodent yolk sac (Brent and
Fawcett 1998), but some, such as glycodelin-A, pass across the placenta intact and
accumulate within the coelomic (chorionic) and amniotic cavities (Seppéld et al.
1992; Jauniaux and Gulbis 2000).

The glands are also an important source of growth factors, including epidermal
growth factor (EGF), vascular endothelial growth factor, and leukemia inhibitory
factor (Hempstock et al. 2004). Application of EGF to first trimester villous explants
stimulates proliferation of the cytotrophoblast cells (Maruo et al. 1992), and hence it
has been proposed that the histotroph plays an important role in stimulating placental
proliferation and differentiation as in domestic species (Filant and Spencer 2014;
Burton 2018; Burton et al. 2020). Obtaining proof of an equivalent servo-mechanism
by which hormones from the placenta upregulate expression of growth factors within
the glands is difficult in the human, but the presence of the Arias-Stella reaction
provides support. In addition, the recent demonstration that early pregnancy hor-
mones, such as human chorionic gonadotropin and prolactin, upregulate secretion of
glycodelin-A and osteopontin from uterine gland organoids is strongly indicative
(Turco et al. 2017). Prolactin is not secreted by the trophoblast in the human as in
other species (Carter 2012), but by the decidua. Correct decidualization and subse-
quent paracrine signaling to the glands may therefore be essential for placental
development and a successful pregnancy (Conrad et al. 2017).
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9 The Amnion

The amnion arises from the epiblast layer of the inner cell mass (Fig. 3). The cells
form a cluster, or rosette, polarize, and then a central cavity emerges (Deglincerti
et al. 2016; Shahbazi et al. 2016), in a similar fashion to that observed in the rhesus
monkey (Enders et al. 1986). The cells of the epiblast remain columnar, while those
of the amnion are more squamous. The sac gradually expands as gestation advances,
extending on to the ventral surface of the embryo following folding of the latter, and
sheathing the connecting stalk to form the umbilical cord. The amnion finally makes
contact with the chorionic plate at the end of the third month, obliterating the
coelom.

10 Formation and Role of the Yolk Sac

The primary yolk sac is formed by hypoblast cells growing around the inner surface
of the trophoblast, but later undergoes extensive remodeling when the layer of
extraembryonic mesoderm interposed between the two vacuolates and splits into
two layers. The outer layer lines the trophoblast and contributes to the chorion as
described earlier, and the inner layer covers the yolk sac, forming its outer meso-
thelial layer. The space between the two layers is the coelomic cavity. At the same
time, the yolk sac reduces in size as the more peripheral portions are nipped off,
forming the secondary yolk sac. This sac reaches a maximum diameter of 67 mm
between the sixth and tenth weeks of gestation, after which it decreases.

The secondary yolk sac is connected to the gut tube of the embryo by the vitelline
duct, and is surrounded by the coelomic fluid. Morphologically it consists of two
epithelial layers, an outer mesothelial layer and an inner endodermal layer, separated
by a small amount of mesenchyme in which the vitelline vessels differentiate. The
mesothelial layer is formed of flattened cells that display all the features of an
absorptive epithelium, with a dense covering of microvilli, coated pits, and pinocy-
totic vesicles (Gonzalez-Crussi and Roth 1976; Jones and Jauniaux 1995). By
contrast, the endodermal cells are more columnar and contain large quantities of
rough endoplasmic reticulum, Golgi bodies and secretory droplets, indicative of a
synthetic function. It is notable that the vitelline capillary plexus lies closely
approximated to mesothelial epithelium.

The secondary human yolk sac fails to contact the chorion (Fig. 5), and a
choriovitelline placenta is never formed as in other species. Hence, the yolk sac
has largely been considered vestigial, although it is recognized as an important early
site of hematopoiesis in the embryo (Pereda and Niimi 2008). It is also known to
synthesize several key serum proteins, including alpha-fetoprotein, alpha;-
antitrypsin, albumin, and transferrin, prior to the fetal liver having differentiated
sufficiently to take on this role (Buffe et al. 1993; Jones and Jauniaux 1995).
Recently, the potential importance of the yolk sac for transfer of nutrients has been
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Fig. 5 Diagrammatic comparison of the nutrient pathway during early pregnancy in the mouse (a),
and the speculated pathway in the human (b). In the mouse, histotroph from the endometrial glands
(EG) is phagocytosed (1) by the endodermal cells (E) of the visceral layer of the inverted yolk sac
(YS). Following fusion with lysosomes (2), digestion of maternal proteins leads to release of amino
acids that are transported (3) to the fetal circulation (FC). In the human, histotroph released into the
intervillous space (IVS) is phagocytosed (1) by the syncytiotrophoblast (STB). Following digestion
by lysosomal enzymes (2), free amino acids may be transported (3) by efflux transporters to the
coelomic fluid (CF) where they accumulate. Nutrients in the CF may be taken up by the mesothelial
cells (M) of the yolk sac and transported (4) into the fetal circulation (FC). Alternatively, they may
diffuse into the cavity of the yolk sac and be taken up by the endodermal cells (5). Some intact
maternal proteins may also be released into the CF by exocytosis of residual bodies (6), and be
engulfed by the mesothelial cells (7). CTB cytotrophoblast cells. (Reproduced with permission from
(Cindrova-Davies et al. 2017))

highlighted by RNAseq data that confirm the presence of transcripts encoding a
broad array of transporter proteins for lipids, amino acids, metal ions, and other
micronutrients (Cindrova-Davies et al. 2017). The conservation of the majority of
these transcripts across the mouse and chicken where there is strong experimental
evidence of the role of their encoded proteins in transport indicates that the human
yolk sac may be more active than previously appreciated. In addition,
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immunohistochemistry confirms the presence of transporter proteins, such as
tocopherol transfer protein, GLUT1, and transferrin, which are primarily localized
to the outer mesothelial layer (Jauniaux et al. 2004; Benirschke et al. 2012). The
presence of the ligands for many of the transporters in the coelomic fluid bathing the
epithelium adds further support for a potential role of the yolk sac in maternal—fetal
transport (Cindrova-Davies et al. 2017).

It has been proposed, therefore, that the human yolk sac contributes to a physi-
ological choriovitelline placenta during early pregnancy (Fig. 5), with the coelomic
cavity interposed between the trophoblast and the yolk sac acting as an intermediary
nutrient reservoir (Cindrova-Davies et al. 2017). From the evidence available it
would appear to be most important for the handling and metabolism of cholesterol
and lipids, which are essential as signaling intermediates and for formation of cell
and organelle membranes (Woollett 2008). By the ninth week of pregnancy the yolk
sac begins to show morphological evidence of a decline in function, and when the
coelomic cavity is obliterated at around 15 weeks the remnants of the yolk sac
become incorporated into the umbilical cord. Abnormal development of the yolk sac
has been linked with miscarriage (Nogales et al. 1993; Freyer and Renfree 2009), but
whether this is cause or effect is unknown at present.

11 The Extravillous Trophoblast

As the name implies, extravillous trophoblast (EVT) extends beyond the confines of
the villous trees, invading into the decidua where it plays an essential role in
remodeling of the maternal spiral arteries. The EVT originates from the
cytotrophoblastic cell columns and the cytotrophoblastic shell as previously
described. Cells on the outer surface of the shell undergo an epithelial-mesenchymal
transition (EMT), changing shape from rounded profiles to pleiomorphic spindle-
shaped cells that stain darkly with hematoxylin and eosin and express placenta-
specific protein 8, PLACS, that promotes invasiveness (Fig. 4c) (Chang et al. 2018).
The stimulus for the transition is not known, but cells in the distal part of the column
are immunopositive for CDCP1, which represses epithelial and promotes mesen-
chymal states (Wong et al. 2019). The transcription factor ZEB2 has recently been
shown to potentially play a key role in regulating the transition, for overexpression in
BeWo and JEG3 choriocarcinoma cell lines stimulates a transcript profile indicative
of an EMT and increases cell invasiveness (DaSilva-Arnold et al. 2019). Whether
expression of ZEB2 is responsive to the increased concentration of oxygen in the
decidua or factors secreted by the decidual cells is not known at present. Measure-
ments of DNA suggest that invasive extravillous trophoblast cells undergo
endoreduplication and are tetraploid (Zybina et al. 2002, 2004; Velicky et al.
2018), and at the same time start to express markers of senescence.

Extravillous trophoblast cells migrate via two routes; the endovascular down the
lumen of the arteries and the interstitial through the endometrial stroma where they
cluster around the spiral arteries and the endometrial glands. Invasion of the
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interstitial trophoblast is extensive, and in a normal pregnancy they reach the inner
third of the myometrium where they fuse with neighbours to form multinucleated
placental bed giant cells (Al-Lamki et al. 1999). No active function has been
attributed to these cells, although they are immunopositive for human placental
lactogen, subunits of hCG (Al-Lamki et al. 1999), and members of the angiopoietin
and vascular endothelial growth factor families (Schiessl et al. 2009). Potentially,
they may promote regeneration of the endometrium following delivery.

The regulation of the invasion is complex, and numerous factors have been
shown to influence invasion positively and negatively in vitro (Benirschke et al.
2012). In reality, it will depend on the local concentration of cytokines, glycopro-
teins, and possibly oxygen, within the decidua (Lee et al. 2011; Pollheimer et al.
2018). An important source of cytokines are cells of the maternal immune system.
There is strong genetic evidence that HLA-C ligands on the surface of the interstitial
cells bind with killer-like immunoglobulin receptors (KIR) on the maternal uterine
natural killer (uNK) cells, causing activation of the latter (Hiby et al. 2010). Despite
the terminology, there is no evidence of killing of the trophoblast, but rather the
converse. Cytokines released from the uNKs, in particular GM-CSF, attract tropho-
blast cells (Abbas et al. 2017), and are thought to play an important role in
remodeling of the spiral arteries (Moffett et al. 2015).

Interstitial trophoblast cells express a unique hyperglycosylated form of human
chorionic gonadotropin (hCG-H), which functions as a cytokine rather than a
hormone (Cole 2010; Evans 2016). hCG-H is a powerful stimulus for trophoblast
invasion, acting in an autocrine fashion through the TGF-f receptor rather than the
LH receptor as for normal hCG. As might be expected, concentrations in maternal
serum are highest during early pregnancy, and are significantly reduced in cases that
go on to early pregnancy loss (Cole 2007; Guibourdenche et al. 2010). Monitoring
hCG-H may therefore provide an assay of extravillous trophoblast numbers, if not
invasion.

12 Remodeling of the Spiral Arteries

Connecting the placenta to the maternal arterial system poses a hemodynamic
challenge due to the high pressure and velocity within the latter. The spiral arteries
that ultimately supply the placenta must therefore undergo considerable remodeling
to minimize the risks of damage to the delicate villous trees and mechanical
disruption of the maternal—fetal interface. Remodeling, also referred to as physio-
logical conversion or transformation, involves the loss of smooth muscle and the
elastic lamina from the walls of the vessels, and its replacement with an inert
fibrinoid material (Fig. 4d). These changes normally involve the endometrial portion
of the artery and the portion within the inner third of the myometrium.
Remodeling starts with an endocrine priming that is associated with
decidualization and affects all spiral arteries, even those in the decidua parietalis
on the opposite wall of the uterus. The endothelial cells swell and there is a loosening
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of the smooth muscle cells (Pijnenborg et al. 2006; Whitley and Cartwright 2010;
Harris 2010). More extensive changes require the presence of extravillous tropho-
blast, and involve the de-differentiation of the vascular smooth muscle cells and their
migration away from the vessel wall. Apoptosis of the smooth muscle cells has been
suggested, but it is not thought to play a major role (Bulmer et al. 2012). Initially, the
endothelial cells are also lost and replaced by endovascular trophoblast, but later the
vessels are re-endothelialized by maternal cells that grow along the vessels and can
extend onto the inner surface of the placental basal plate (Ockleford 2010).

Remodeling has two important consequences for placental blood flow. Firstly, it
is associated with dilation of the terminal parts of the vessels as they approach the
basal plate (Harris and Ramsey 1966). Mathematical modeling reveals that the
dilation reduces the velocity of the inflowing blood by an order of magnitude to
~10 cm/s, allowing sufficient transit time for effective maternal—fetal exchange. At
the same time, it reduces the pressure in the intervillous space and preventing
compression and collapse of the fetal capillary network within the villi (Burton
et al. 2009). Secondly, by inactivating the hypercontractile segment of a spiral artery
that lies in the junctional zone just beneath the endometrial-myometrial boundary,
remodeling ensures a constant flow of blood irrespective of maternal vasomotor
events. The hypercontractile segment normally contracts at the time of menstruation
to prevent excessive blood loss, but contraction during pregnancy could impair the
maternal—fetal supply line and lead to fluctuations in the intraplacental oxygen
concentration. Experiments in vitro have demonstrated that hypoxia-reoxygenation
is a powerful inducer of oxidative stress in placental tissues (Hung and Burton 2006),
more so than hypoxia alone, and can recapitulate many of the changes seen in
pre-eclampsia (Cindrova-Davies et al. 2007).

Failure of remodeling is associated with the most common complications of
human pregnancy, including growth restriction, pre-eclampsia and pre-term delivery
(Brosens et al. 2011). The effects are mediated by a combination of reduced villous
development and surface area for exchange, oxidative stress, and release of
pro-inflammatory factors from the placenta (Kingdom et al. 2018; Burton and
Jauniaux 2018; Burton et al. 2019).

13 The Formation of the Definitive Placenta

Starting at ~eighth week of pregnancy, the villi over the superficial pole of the
chorionic sac begin to appear shorter and less vascularized compared to those over
the deep pole in contact with the decidua basalis (Fig. 6) (Hamilton and Boyd 1960).
This is a progressive effect, so eventually only “ghosts” of villi comprising an
avascular and almost acellular villous core with a thin covering of trophoblast remain
in this area (Fig. 7). In the past this regression of the villi to form the chorion laeve or
smooth membranes has been attributed to a lack of blood supply reaching them from
the decidua capsularis. However, it is notable that the villi are often surrounded by
masses of maternal erythrocytes, and an alternative hypothesis has been put forward
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Fig. 6 Photomicrograph of a specimen at 6 weeks p-f. The chorionic sac covered by the decidua
capsularis (dc) projects into the uterine lumen, and has been opened to remove the embryo. The
decidua capsularis has not yet fused with the decidua parietalis (dp) lining the rest of the uterine
wall. Villi (asterisk) towards the superficial pole of the chorionic sac are less extensive than those
over the deep pole in contact with the decidua basalis (db). The interface with the decidua basalis is
very uneven at this stage. Glands within the decidua are still active. cp, chorionic plate. Scale bar,
10 mm. Stain, Masson’s trichrome

relating to the onset of the maternal arterial circulation. In normal pregnancies, onset
of the circulations starts preferentially in the peripheral parts of the placenta where
the endovascular aggregates in the spiral arteries are least extensive (Jauniaux et al.
2003b). Villi sampled from this region display high levels of oxidative stress and
activation of the apoptotic cascade compared to their central counterparts (Jauniaux
et al. 2003b; Burton et al. 2010). Thus, it has been proposed that the high local levels
of oxygen induce villous regression through oxidative stress and not a lack of
maternal circulation.

There are pathological parallels to this pattern of regression, for in cases of
spontaneous miscarriage onset of the maternal circulation is both precocious and
disorganized, occurring in both the peripheral and central regions (Jauniaux et al.
2003b). As mentioned previously, there is widespread oxidative damage to the
trophoblast and other tissues, and if the placenta remains in the uterus for a period
of time the villi become avascular collagenous ghosts that closely resemble those of
the chorion laeve (Jauniaux et al. 2003b; Hempstock et al. 2003b). These findings
support the concept that under both physiological and pathological conditions,
elevated levels of oxygen cause villous regression.

Whatever the mechanism, it appears that the shape of the placenta and the
centrality or otherwise of the cord insertion seen at term are determined by events
taking place at the end of the first trimester (Fig. 7b) (Schwartz et al. 2011; Salafia
et al. 2012).
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Fig. 7 Photographs of placenta-in-situ at (a) 7 weeks, and (b) 12 weeks p-f. (a) Villi covering the
superficial pole of the chorionic sac are now less extensive and avascular compared to those over the
deep pole. The decidua capsularis has not yet fused with the decidua parietalis and a small part of
the uterine cavity (uc) remains. (b) By now the villi have fully regressed, creating the chorion laeve
or smooth membranes (arrowed) that are draped over the decidua parietalis (dp) of the uterine wall
opposite. The extent of the definitive placental disc is marked by the asterisks. The meshwork of
placental villi within the disc is finer and denser than earlier, and the decidua basalis (db) is thinner
and more even. A small portion of the uterine cavity (uc) persists. Stain, hematoxylin and eosin

14 Growth of the Definitive Placenta

Once established, the definitive placenta continues to expand over the second and
third trimesters. New stem and intermediate villi are generated through the transfor-
mation of syncytial sprouts as mentioned earlier, and slowly increase in volume
across gestation (Jackson et al. 1992). By contrast, elaboration of the functional units
of the placenta, the terminal villi, increases exponentially from ~20 weeks until term
(Fig. 8a) (Jackson et al. 1992). This elaboration ultimately provides a villous surface
area of 12-14 m?, with a diffusion distance of 7-8 pm separating the maternal and
fetal circulations (Burton and Jauniaux 1995). The theoretical diffusing capacity of
the placenta can be calculated from these parameters, and if expressed per kg of fetal
weight the value stays remarkably constant across gestation (Mayhew et al. 1993).
This finding suggests a close relationship between the development of the fetus and
the structural parameters of the placenta.

The chorionic and basal plates become better defined as gestation advances. The
vessels in the chorionic plate distributing umbilical blood flow to the stem villi
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Fig. 8 Photographs of (a) and (b) placenta-in-situ at ~30.5 weeks p-f, and (c) placental villi at term.
(a) The density of the villus trees continues to increase with the elaboration of intermediate and
terminal villi. Infoldings of the basal plate create septae that partially separate the placenta into a
series of lobes. The chorion laeve (arrowed) is apposed to the decidua parietalis. (b) Higher power
photomicrograph of the basal plate (bp), which comprises a complex mix of extravillous trophoblast
arising from the original cytotrophoblastic shell and decidual cells enmeshed in fibrinoid material.
Under the basal plate is a loose meshwork of tissue that acts as a plane of cleavage at the time of
delivery. (¢) Photomicrograph of terminal villi from a term placenta embedded in resin and
sectioned at 1 um. The fetal capillaries display localized dilations that bring the endothelium
close to the synctiotrophoblast to form a vasculo-syncytial membrane (arrowed). The distance
between the maternal and fetal circulation is reduced to ~2 pm at these sites, which facilitate
diffusional exchange. Scale bars; (b) 200 pm, (c¢) 20 pm. Stains; (a) and (b) hematoxylin and eosin,
(c) methylene blue

increase in caliber (Fig. 8a). The decidua basalis continues to thin, and the remaining
decidual cells become enmeshed in a fibrinoid matrix with the remnants of the
cytotrophoblastic shell to form the basal plate (Fig. 8b). Infoldings of the basal
plate form septa that subdivide the placenta into a series of lobes; each lobe may
contain one of more lobules as below. The septa do not extend as far as the chorionic
plate, but nonetheless may serve to direct and partially compartmentalize maternal
blood flow (Ramsey and Donner 1980).

Despite remodeling of the spiral arteries, the maternal blood still enters the
placenta in jet-like spurts that gradually diminish in velocity as gestation advances
(Collins et al. 2012). The momentum of the blood is sufficient to sculpt the villous
trees into a series of lobules, each with a central villus-free cavity located over the
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opening of an artery. Once delivered into that cavity, the maternal blood disperses
through the clefts or pores between neighboring villi, before draining into the uterine
veins. Each lobule therefore acts as an independent maternal-fetal exchange unit,
physiologically equivalent to a cotyledon of a ruminant placenta. Measurements of
the expression and activity of antioxidant enzymes indicate that an oxygen gradient
exists across a lobule, with an arterial centre and more venous periphery (Hempstock
et al. 2003a). This pattern of blood flow and oxygenation has recently been con-
firmed using magnetic resonance imaging techniques (Hutter et al. 2020).

The elaboration of the villous trees is accompanied by an increase in the volume
of the trophoblast, both syncytiotrophoblast and cytotrophoblast. Although markers
of stemness in trophoblast progenitors decline at the end of the first trimester,
proliferation and fusion continue, possibly involving a transit amplifying population
or equivalent. Consequently, the number of nuclei in both subtypes increases until
term (Simpson et al. 1992). However, as villous surface area enlarges rapidly, the
cytotrophoblast layer becomes discontinuous, and cells are only occasionally
observed in any one section, creating a false impression of their total number. This
discontinuity contributes to the reduction in villous membrane thickness and facil-
itates diffusional exchange.

The majority (~80%) of the nuclei within the syncytiotrophoblast are transcrip-
tionally active, as evidenced by incorporation of fluorouracil and immunopositivity
for phosphorylated upstream binding factor (pUBF) and phosphorylated cAMP
response element binding protein (pCREB) that are indicative of RNA polymerase
I (RNA Pol I) and RNA pol II driven transcription respectively (Ellery et al. 2009;
Fogarty et al. 2011). The proportion of active nuclei remains constant across
gestation.

Some of the active nuclei are also immunopositive for proliferating cell nuclear
antigen (PCNA), indicating that they have only recently entered the
syncytiotrophoblast; PCNA has a half-life of more than 20 h (Fogarty et al. 2011).
The chromatin pattern of the syncytial nuclei varies greatly, with those that are
transcriptionally inactive generally showing greater heterochromatin. Aggregates of
nuclei with extremely condensed chromatin, referred to as syncytial knots (Burton
and Jones 2009), are seen increasingly towards term, and in the past it has been
suggested that these represent apoptotic changes (Huppertz et al. 1999; Huppertz and
Kaufmann 1999). However, the majority of the nuclei are negative for TUNEL
staining (Coleman et al. 2013), and it is now accepted that apoptosis does not occur
in the normal syncytiotrophoblast (Longtine et al. 2012a, b). Instead, it is thought
that the chromatin condensation reflects epigenetic changes, for the nuclei in syn-
cytial knots stain strongly for 5’hydroxymethylcytosine (Fogarty et al. 2015). They
are also immunopositive 8-oxo-deoxyguanosine, indicative of oxidative damage
(Fogarty et al. 2013), and so the following life cycle has been proposed. Nuclei
entering the syncytiotrophoblast are transcriptionally active, but a proportion grad-
ually acquire oxidative damage and are shut-down epigenetically. Whether this is a
purely temporal phenomenon or responsive to the local microenvironment within the
intervillous space is not known. The effete nuclei are aggregated into syncytial knots
at sites on the villous surface where they do not impinge on placental functional
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Tuin

Fig. 9 Photomicrograph of placental membranes at (a) 20 weeks p-f, and (b) at term. (a) The
membranes comprise the amniotic epithelium (arrowed), extraembryonic mesenchyme (eem), and a
layer of extravillous trophoblast (ct) that abut the cells of the decidua parietalis (dp). Endometrial
glands (eg) are still evident in the decidua parietalis at this stage. (b) Immunostaining against
cytokeratin confirms the presence of the cytotrophoblast cells (ct) that abut the decidua parietalis
which now only contains rudimentary endometrial glands (eg). Scale bars, 250 pm. Stain; (a)
hematoxylin and eosin; (b) anti-pancytokertain

capacity, but the mechanism of aggregation is not known (Coleman et al. 2013;
Calvert et al. 2016).

As the villi mature their stromal core becomes more condensed, and the channels
seen during the first trimester are gradually obliterated (Fig. 8c). The fetal vascula-
ture becomes more prominent, particularly in terminal villi where the capillaries may
represent ~35% of the villous volume. The capillaries follow a tortuous course,
forming a complex network with many interconnections (Jirkovska et al. 2002;
Plitman Mayo et al. 2016a). The diameter of the capillaries varies along their length,
with narrow sections interspersed with dilated regions, referred to as sinusoids,
usually located on the point of an acute bend (Plitman Mayo et al. 2019). The
dilation brings the outer wall of the capillary into close contact with the trophoblast
basement membrane and the syncytiotrophoblast, which is thinned as a consequence
of the distending pressure of the capillary. These areas are referred to as
vasculosyncytial membranes, and the thickness of the villous membrane may be
reduced to as little as 2 pm. Computational modeling reveals that they are the
principal sites of diffusional exchange (Plitman Mayo et al. 2016b). Hence, the
condition of terminal villus deficiency, when terminal villi fail to form, is associated
with growth restriction and fetal hypoxemia (Khong et al. 2016).

With the enlargement of the chorionic sac, the decidua capsularis becomes
apposed to the decidua parietalis on the opposite wall of the uterus (Fig. 7) at
approximately weeks 10—12, and fuses. By now the villi have completely regressed
over the chorion laeve, but the extravillous trophoblast of the original
cytotrophoblastic shell in this region form a layer 5-10 cells thick (Fig. 9a). This
layer stains immunopositively for HLA-G and cytokeratin and is apposed to the
decidual cells, but no invasion takes place (Fig. 9b).
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15 Placental Senescence

The concept of placental ageing and senescence is an old one (Martin and Spicer
1973; Rosso 1976), but has received renewed interest following the finding that cell
fusion to form a syncytium induces senescence changes (Chuprin et al. 2013; Cox
and Redman 2017). Senescence can also be induced by chronic oxidative stress, and
as mentioned previously oxidatively damaged nuclei accumulate in the
syncytiotrophoblast towards term in the form of syncytial knots (Fogarty et al.
2013). The damage is thought to arise from an increasing mismatch between
maternal supply and feto-placental demand leading to fluctuations in the oxygen
concentration within the intervillous space. Markers of senescence are variable in the
normal term placenta, but oxidized DNA and lipids and the expression p21, p16, and
cGAMP are all greatly increased in the post-mature placenta and in pathological
cases (Maiti et al. 2017; Cindrova-Davies et al. 2018). Senescence and impairment
of placental functions may therefore contribute to the increased risk of stillbirth and
neonatal death in post-mature pregnancies.

16 Comparison with Other Primates

A comparison of placentation in the human with that across the order Primates is
beyond the scope of this chapter, and detailed accounts can be found elsewhere
(Mossman 1987; Wooding and Burton 2008; Carter and Pijnenborg 2011). Here we
focus on two species of Old-World monkeys that have been extensively used for
placental and reproductive research, the rhesus macaque and the baboon, and the
great apes. Macroscopically, the structure and development of the placental villous
trees are very similar across all these, but there are differences in the mode of
implantation and invasion of the extravillous trophoblast, and the complexity of
the immunological interactions.

Implantation in the macaque and baboon is superficial, and so no decidua
capsularis forms and the blastocyst remains within the uterine lumen exposed to
the endometrial secretions. Whether this influences the route for histotrophic nutri-
tion has not been addressed. In the baboon only one placental disc is formed at the
site of implantation (Houston 1969), whereas in the macaque a bi-discoidal placenta
is common, with a second placental disc developing 11-12 days later where the
blastocyst impinges on the opposite uterine wall (Enders 2007; de Rijk and van Esch
2008). There is thus no equivalent of the regression of villi of the chorion frondosum
to form the definitive placenta as in the great apes and human.

Nonetheless, where the trophectoderm contacts the uterine epithelium there is
transformation into a primary syncytiotrophoblast that is initially invasive, and a
progenitor population of cytotrophoblast cells. A thick cytotrophoblastic shell is
formed in both the macaque and the baboon, and unlike in the human it has a sharp
demarcation with the endometrium and persists throughout pregnancy (Enders et al.
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2001). Endovascular trophoblast invasion is prolific in both, and aggregates of
endovascular cells plug the spiral arteries in the macaque as in the human, restricting
flow of maternal arterial blood into the placenta during early pregnancy (Ramsey and
Donner 1980; Blankenship and Enders 2003). By contrast with humans, interstitial
trophoblast is extremely limited, and there are no multinucleated giant cells in the
placental bed (Pijnenborg et al. 1996). This calls into question the role of the
interstitial trophoblast in humans, and it may be that they are more important for
paracrine signaling to stimulate secretions from the endometrial glands than for
arterial remodeling (Burton et al. 2020). Another significant difference is that
remodeling of the spiral arteries is restricted to only the endometrial portion, and
does not extend into the myometrial segment in the baboon (Pijnenborg et al. 1996).
In the chimpanzee and gorilla, trophoblast invasion occurs via the endovascular and
interstitial routes, and extends as far as the inner third of the myometrium, as in the
human (Pijnenborg et al. 2011a, b).

These differences in extravillous trophoblast invasion are associated with marked
coevolution of the KIR and HLA-C systems. Uterine NK cells are present in the
placental bed of the rhesus macaque but HLA-C is absent on the trophoblast cells.
An HLA-C1 epitope evolved in the orangutan from an MHC-B ancestor, and a C2
epitope is found in the gorilla, chimpanzee and human. The highest degree of
complexity is seen in humans where the KIR A and B haplotypes have evolved
(Parham and Moffett 2013; Moffett and Colucci 2015). Certain combinations of the
KIR and HLA-C haplotypes predispose to complications of human pregnancy,
depending on the degree of inhibition and activation of the KIR. Thus, the interac-
tions between KIR-A/A and C2/C2 are predominantly inhibitory and associated with
an increased risk of miscarriage, growth restriction, and pre-eclampsia (Hiby et al.
2010). Indeed, these immune interactions appear to regulate birth weight across the
entire range, from growth restriction to macrosomia (Moffett et al. 2015), presum-
ably acting through the degree of remodeling of the spiral arteries and the effect on
utero-placental blood flow.

17 Conclusions

Placentation in the human and closely related great apes displays major morpholog-
ical differences compared to other orders of mammals, in particular the degree of
invasiveness of the trophoblast. Physiologically, there are greater similarities; the
reliance on histotrophic nutrition during the period of organogenesis, the importance
of the yolk sac during early pregnancy, and the large surface area and thin interhemal
membrane to facilitate exchange. Human pregnancy is associated with a high rate of
pregnancy complications, such as pre-eclampsia, and genetic analyses reveal that
this predisposition may be a powerful driver of placental evolution towards a less-
invasive state (Elliot and Crespi 2015).
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