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We would like to dedicate this book ‘Placental Bed Disorders’ to
the late William B. Robertson (1923-2008), who was one of the
‘founding fathers’ of placental bed research.

William (Bill) Robertson began to conduct collaborative research
with Geoffrey Dixon, who had been at the Hammersmith Hospital
(London, UK) when they both joined efforts at the University of
the West Indies in Jamaica (1956-1964). Hypertension in
pregnancy and its complications was a common and important
problem in Jamaica.

William Robertson and Geoftrey Dixon introduced a new
technique in which uterine tissue beneath the placenta was
obtained during a cesarean delivery for histological studies.
They coined the term ‘placental bed biopsy’ for this procedure,
which led not only to a greater appreciation of the normal
development of the maternal blood supply to the placenta, but also
demonstrated the vascular changes occurring during hypertensive
pregnancies.

This work continued when both Professors Dixon and Robertson
returned to London. Further developments occurred in
conjunction with Professor Marcel Renaer at the Department of
Obstetrics and Gynaecology at the University of Leuven, Belgium,
and in particular, with Professor Ivo Brosens, whom Bill had met
when he was a Research Fellow with Professor Dixon at the
Hammersmith Hospital.

In 1972, Bill Robertson spent a sabbatical year at the Catholic
University in Leuven. This was an exciting time for all involved
and led to the creation of a new research unit at the Catholic
University, which was devoted to improving the understanding of
the cellular and molecular biology of the placental bed. This unit
expanded with the appointment of Professor Robert Pijnenborg,
who joined the unit as Principal Investigator and scientific leader
of the unit.

It was fitting that Bill Robertson was invited to open the
International Symposium on the Placental Bed held in Leuven in
2007. Unfortunately, he was unable to join us at the meeting.
However, committed to the milestone of 50 years of placental bed
research, he sent a message to be shared with scientists and
clinicians gathered in Belgium. In his message, Bill expressed how



as Visiting Professor in the Department of Obstetrics and
Gynaecology at the Catholic University he enjoyed some of the
most stimulating, productive, and happiest times in his career
and life.

We honor Bill Robertson for his contributions, teachings, and
inspiring example.

The Editors
Robert Pijnenborg
Ivo Brosens

Roberto Romero
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Preface

The role of the placental bed in normal pregnancy and
its complications has been intensively investigated for
50 years, following the introduction of a technique for
placental bed biopsy. It is now recognized that disor-
ders of the maternal-fetal interface in humans have
been implicated in a broad range of pathological con-
ditions, including spontaneous abortion, preterm
labor, preterm premature rupture of membranes, pre-
eclampsia, intrauterine growth restriction, abruptio
placentae, and fetal death.

These clinical disorders (referred to as ‘obstetrical
syndromes’) are the major complications of pregnancy
and leading causes of perinatal and maternal morbid-
ity and mortality. Moreover, recent evidence indicates
that these disorders have the potential to reprogram
the endocrine, metabolic, vascular, and immune
responses of the human fetus, and predispose to
adult diseases. Thus, premature death from cardiovas-
cular disease (myocardial infarction or stroke), diabe-
tes mellitus, obesity, and hypertension may have their
origins in abnormal placental development.

This is the first book devoted exclusively to the
anatomy, physiology, immunology, and pathology of
the placental bed. Experts in clinical and basic sciences
have made important contributions to bring, in a single
volume, a large body of literature on the normal and
abnormal placental bed. Thus, readers will find infor-
mative, well-illustrated, and scholarly contributions in
the cell biology of the placental bed, immunology,
endocrinology, pathology, genetics, and imaging.

The aim of the book is to inform the reader about
the exciting developments in the study of the placental
bed as well as the novel approaches to the assessment
of this unique tissue interface and its implications for
the diagnosis and treatment of complications of preg-
nancy. It is believed that this book will be essential
reading for those interested in clinical obstetrics,
maternal-fetal medicine, perinatal pathology, neona-
tology, and reproductive medicine. Those interested in
imaging of the maternal-fetal circulation or its inter-
rogation with Doppler would also benefit from read-
ing this book.






Section 1
Chapter

perspective

Robert Pijnenborg

The discovery of the placental bed
vasculature

Placental vasculature, in particular the relationship
between maternal and fetal blood circulations, has
been a contentious issue for a long time. It was indeed
a matter of dispute whether or not the fetal blood
circulation was separate from or continuous with the
circulation of the mother as stated by the Roman
physician Galen (129-200). The Renaissance anato-
mist Julius Caesar Arantius (1530-1589) is usually
quoted for being the first who explicitly denied the
existence of any vascular connection between the
mother and the fetus in utero [1,2]. Although this
opinion was seemingly based on careful dissections
of human placentas in situ, he obviously did not have
the tools to trace small blood vessels in sufficient detail
to provide full support for this idea. Moreover, before
William Harvey (1578-1657) anatomists did not
understand the relationship between arteries and
veins, and thus their knowledge about the uteropla-
cental blood flow in the placenta must have been
rather confused.

The brothers William (1718-1783) and John
Hunter (1728-1793) are credited for having demon-
strated the separation of maternal and fetal circula-
tions by using colored wax injections of human
placentas in utero. It was probably the younger brother
John who did all the work, and he claimed afterwards
most of the credit for this finding [3]. In his magnif-
icent Anatomy of the human gravid uterus (1774)
William Hunter included the first drawing of spiral
arteries (‘convoluted arteries’), in what must have been
the very first illustration of a human placental bed
(Fig. 1.1) [4]. These ‘convoluted arteries’ are embed-
ded in the decidualized uterine mucosa, the term
‘decidua’ being used for the first time by William
Hunter to describe the ‘membrane’ enveloping the
conceptus, which is discarded at parturition (Latin
decidere, to fall off). This obviously referred to the
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decidua capsularis, typical for humans and anthropoid
apes, which is formed as a result of the deep interstitial
implantation of the blastocyst in these species. John
Hunter, however, pointed out that there is also a
‘decidua basalis’ underneath the placenta. In a tubal
pregnancy case he noticed that a similar tissue had
developed within the uterus, and he therefore con-
cluded that the decidua originates from the uterine
mucosa [5].

Early ideas about placental function

Hunter’s demonstration of separate vascular systems
coincided with Lavoisier’s discovery of oxygen and its
role in respiration. It was found that the uptake of
oxygen by the blood is associated with a shift in color
from a dark to a light red. This color-shift was
observed in lungs as well as in the gills of fish, and it
was Erasmus Darwin (1731-1802), grandfather of
Charles Darwin, who pointed out that exactly the
same happens in the placenta [6]. Furthermore,
Erasmus Darwin tried to understand how the oxygen-
ated maternal blood is delivered to the fetus. He had
noticed that after separation of the placenta, uterine
blood vessels start bleeding, while the placental vessels
do not. For him this was an indication that the termi-
nations of the placental vessels must be inserted into
the uterine vasculature while remaining closed off
from the maternal circulation. He thought that struc-
tures, referred to as ‘lacunae of the placentae’ by John
Hunter, might represent ‘cells’ filled with maternal
blood from the uterine arteries. It is obvious that
these ‘cells’ referred to compartments of the intervil-
lous space. Erasmus Darwin went as far as to equate
these ‘lacunae of the placentae’ to the ‘air-cells’
(alveoli) of the lungs. Also interesting is the compar-
ison he made with cotyledonary placentas of cows,
which after separation do not result in bleeding of
uterine blood vessels. Of course he was unaware of
structural differences between the human hemochorial
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Fig. 1.1 View of the placental bed after removal of the placenta,
showing stretches of spiral arteries. lllustration from William Hunter's
Anatomy of the human gravid uterus (1774).

and the cow’s epitheliochorial placenta. His specula-
tion on a ‘greater power of contractions’ of uterine
arteries in cows almost suggests an intuitive grasp
about differences in uteroplacental blood supply
between humans and cows [7], foreshadowing the
later concept of ‘physiologically changed’ spiral
arteries in the human [8].

While the ideas of eighteenth century investigators
about the respiratory function of the placenta were
essentially correct, opinions about a possible nutritive
function of the placenta were very confused. The
Scottish anatomist Alexander Monro (1697-1767)
thought that, analogous to nutrient uptake in the
intestines, a ‘succulent’ substance appeared between
the uterine muscle and the placenta (i.e. the decidual
region), which he thought would be absorbed by ‘lac-
teal vessels’ of the placenta [2]. In his opinion these
placental vessels had to be open-tipped and had to
cross the placental-uterine border for absorbing the
uterine nutritious material. This idea was of course
refuted by Hunter’s injection experiments, which
clearly showed that fetal vessels never end up in the
uterine wall. Transmembrane transport mechanisms
for glucose, lipid and amino acid transfer were obvi-
ously unknown at that time, and investigators like
Erasmus Darwin therefore tended to minimize the

idea of a possible nutritive function of the placenta.
Instead he favored the view that the amniotic fluid
was the main source of fetal nutrition, an idea that he
had borrowed from William Harvey, but which
became overruled by later findings.

The discovery of trophoblast invasion

A major technological advance in the nineteenth cen-
tury was the perfection of the microscope together
with the development of histological techniques for
tissue sectioning and staining. The first microscopic
images of the human placenta were obtained in 1832
by Ernst Heinrich Weber, revealing the organization
of fetal blood vessels within villi, which are lined by a
‘membrane’ separating the fetal from the maternal
blood. For several decades there was uncertainty
about the nature of this outer villous ‘membrane’,
and it was originally thought that this layer repre-
sented the maternal lining (endothelium) of the
extremely dilated uterine vasculature [9]. The origin
of this tissue layer and the real nature of the inter-
villous space could only be clarified by histological
investigations from early implantation stages
onwards. An early pioneer was the Dutch embryolo-
gist Ambrosius Hubrecht (1853-1915), who under-
took the study of implantation in what he considered
to be representative species of primitive mammals,
hedgehogs and shrews. The idea behind this work was
that the implantation events in primitive mammals
might offer clues about the evolution of viviparity.
His famous hedgehog study revealed early appear-
ance of maternal blood lacunae engulfed by the
outer layer of extraembryonic cells. He considered
the latter as feeding cells and hence introduced the
term ‘trophoblast’ [10].

Slowly investigators began to realize the invasive
potential of this trophoblast. The French anatomist
Mathias Duval (1844-1907) was probably the first to
recognize the invasion of trophoblast (placenta-
derived ‘endovascular plasmodium’ in his terminol-
ogy) into endometrial arteries, in this case in the rat
[11]. He published his findings in 1892, but he was not
the first to have seen endovascular cells in maternal
vessels. Twenty years before, in 1870, Carl Friedlander
had reported the presence of endovascular cells in
‘uterine sinuses’ of a human uterus of 8 months’ preg-
nancy [12]. He notified the rare occurrence of arteries
in this specimen, obviously not realizing that these
might have been transformed by endovascular cell
invasion. He was unable to decide whether these cells
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were derived from the placenta or the surrounding
maternal tissue, but he reported their presence as
deep as the inner myometrium. His illustrations
show two vessels of his 8 months specimen, one
completely plugged, the other containing only a few
intraluminal cells (Fig. 1.2). In the latter he noted
the presence of a thickened homogeneous ‘mem-
brane’ containing dispersed cells in the vessel wall
(Fig. 1.2, parts 1b and 2c, recognizable as the fibri-
noid layer with embedded trophoblast), and also an
organized thrombus with young connective tissue
(Fig 1.2, part 2e, recognizable as a thickened intima
overlying the fibrinoid layer). He also obtained a
postpartum uterus in which he thought he could
recognize similar ‘sinuses’ (Fig 1.2, part 3).
Surprisingly, Friedlinder thought that most intra-
vascular cells were multinuclear (Fig 1.2, part 4).
He reasoned that the presence of endovascular
cells must considerably slow down and even inter-
rupt the maternal blood supply to the placenta, and
considered that failed vascular plugging might result
in intrauterine bleeding and maternal death.
Friedlinder’s contemporaries favored the idea that
the intravascular cells must have been sloughed off
from the maternal vascular wall. It wasn’t until the
early twentieth century that investigators such as
Otto Grosser [13] began to consider these cells as
trophoblastic.

Fig. 1.2 'Uterine sinus’ showing a plug of
endovascular cells (1) and a similar vessel

with embedded cells (2) in an 8 months’

pregnant uterus. (3) shows a similar vessel
in a postpartum uterus. Details of so-called
multinuclear endovascular cells are shown
in (4). Reproduced from Friedldnder (1870).

The actual depth of invasion was underrated for
a long time, partly because of the increasing popu-
larity of the decidual barrier concept. This idea
originated in 1887 from Raissa Nitabuch’s descrip-
tion of a fibrinoid layer which was thought to form
a continuous separation zone between the anchoring
‘chorionic’ cells in the basal plate and the under-
lying decidua [14]. It is interesting that she also
described cross-sections of decidual spiral arteries
close to the intervillous space, mentioning (but not
illustrating) a breaching of the endothelium by cells
which were morphologically similar to those occur-
ring on the inside of the fibrinoid layer. She did
not further comment upon the nature of these cells,
and neither did she quote Friedlander’s 1870 pub-
lication. Unfortunately, the alleged barrier function
of Nitabuch’s layer was overemphasized in later
years, and was also thought to act in the opposite
sense by warding off a maternal immune attack
on the semi-allogeneic trophoblastic cells [15].
These early concepts had to be considerably modi-
fied in later years, when it became clear that deep
trophoblast invasion and associated spiral artery
remodeling are essential for a healthy pregnancy.
Indeed, this research received a considerable boost
within the clinical context of preeclampsia and fetal
growth restriction, as will be described in
Chapters 2 and 3.
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Conclusion

The phenomenon of trophoblast invasion - for a long
time considered as merely playing a role in anchoring
the placenta — has to be understood in the context of
growing insights into placental function, notably fetal
respiration and nutrition. The elucidation of the ana-
tomical relationship between fetal and maternal circu-
lations was therefore of fundamental importance.
Early observations of trophoblast invasion into the
spiral arteries set the stage for understanding the
maternal blood supply to the placenta via the spiral
arteries of the placental bed. This historical context
provides an appropriate starting point for understand-
ing the development of the present research directions,
which are closely linked to the clinical problems of
preeclampsia and fetal growth restriction.
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Introduction

Although the gross anatomy of the maternal blood
supply to and drainage from the intervillous space
was well documented by William Hunter [1] in 1774
a considerable degree of confusion persisted, and in
particular the understanding of the anatomical struc-
ture of the ‘curling’ arteries remained incomplete and
often not based on data. Therefore as an introduction
to the chapters on placental bed vascular disorders the
early literature on the maternal blood supply to the
placenta is briefly reviewed.

The term ‘placental bed” was introduced 50 years ago
by Dixon and Robertson [2] and can be grossly described
as that part of the decidua and adjoining myometrium
which underlies the placenta and whose primary func-
tion is the maintenance of an adequate blood supply to
the intervillous space of the placenta. Certainly, there is
no sharp anatomical demarcation line between the pla-
cental bed and the surrounding structures, but, as this
part of the uterine wall has its own particular functional
and pathological aspects, it has proven to be a most
useful term for describing the maternal part of the
placenta in contrast to the fetal portion.

The uteroplacental arteries

Anatomically the uteroplacental arteries can be
defined as the radial and spiral arteries which link
the arcuate arteries in the outer third of the myome-
trium to the intervillous space of the placenta.
Before reaching the myometrio-decidual junction,
the radial arteries usually split into two or three
spiral arteries. When they enter the endometrium
the spiral arteries are separated from each other by a
1-6 mm gap [3]. Small arteries, the so-called basal
arterioles, branch off from the proximal part of the
spiral arteries and vascularize the myometrio-
decidual junction and the basal layer of the decidua.
They are considered to be less responsive, if at all, to
cyclic maternal hormones [4].

Unraveling the anatomy

Two comments are appropriate here. First, some
confusion existed as to whether the spiral arteries of the
placental bed should be called ‘arteries’, which was com-
monly used in German literature, or ‘arterioles’, which
was more common in the English literature. In view of
the size of the spiral vessels, which communicate with the
intervillous space, the terminology of ‘spiral arteries’ was
adopted for these vessels in order to distinguish them
from the ‘spiral arterioles’ of the decidua vera. A second
comment relates to the spiral course as described by
Kolliker [5]. Because during pregnancy these arteries
increase in length as well as in size, Bloch [6] suggested
that in the human the terminal part of the spiral artery is
no longer spiral or cork-screw, but has a more undulat-
ing course as was demonstrated in the Rhesus monkey
(Macaca mulatta) by Ramsey [7].

The origin of placental septa and the orifices of spiral
arteries have been the subject of great controversy.
Bumm [8,9] pointed out that the arteries are mainly
lying in the decidual projections and septa, and eject
their blood from the side of the cotyledon into the
intervillous space (Fig. 2.1). Bumm’s statement has
been quoted as implying that the arteries open in the
intervillous space near the chorionic plate, while Bumm
obviously regarded the subchorionic blood as somewhat
venous in nature. Wieloch [10] and Stieve [11] have
corrected Bumm’s observation in that they specified
that the spiral arteries mainly open at the base of the
septa. Boyd and Hamilton [4] confirmed that the septa
are of dual maternal and trophoblastic origin and that
arterial orifices are scattered more or less at random
over the basal plate. The orifices of several arteries may
be grouped closely together and, in individual vessels,
are usually at their terminal portions. Spiral arteries may
have initially multiple openings. Such multiple openings
can later become separated by the straightening out and
dilatation of the artery and the unwinding of the coils
during placental growth. When multiple openings are
present the segment of the artery between successive
ones may show obliteration of the lumen.
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Fig. 2.1 Diagrammatic representation of the course of the
maternal circulation through the intervillous space of the placenta.
After Bumm [9].

Attempts to count the number of spiral arteries
communicating with the intervillous space have been
made by several investigators. Klein [12] counted in
one separated placenta 15 maternal cotyledons with 87
arteries and 39 veins and in a second 10 cotyledons
with 45 arteries and 27 veins. Spanner [13] working
with a corrosion preparation of about 6 months’ ges-
tation found 94 arteries communicating with the inter-
villous space. Boyd [3] made calculations of total
numbers based on sample counts of openings of the
spiral arteries in the basal plate in three placentae of
the third and fourth months of pregnancy. The calcu-
lations for full-term placentae varied between 180 and
320 openings but all three counts can only be consid-
ered as first appreciations. On the other hand, Ramsey
[7] showed by serial sections in the Rhesus monkey the
uneven distribution of arterial communications with
the intervillous space and suggested that partial counts
may have introduced errors in the calculations. In an
anatomical reconstruction of two-fifths of the mater-
nal side of a placenta in situ at term Brosens and Dixon
[14] confirmed the irregular arrangement of septa and
arterial and venous openings. All arteries opened into
the intervillous space by a solitary orifice. They found
in a normal placenta 45 openings for a surface area of
32 cm? [15] and in a uterus with placenta in situ from a
woman with severe preeclampsia 10 spiral arteries for
a surface area of 7cm? [16], which in both cases
amounts to one spiral artery for every 0.7cm® of
placental bed.

A bird’s-eye view of the three-dimensional basal
plate shows septa of various sizes with the majority of
arterial orifices at the base of a septum. Septa are likely
to represent uplifted basal plate reflecting differences
in depth of decidual trophoblast invasion and resulting
in a conchiform base for the anchoring of a fetal

cotyledon. Arterioles high up in the septa and without
an orifice into the intervillous space are likely to be
basal arterioles.

The anatomy of the venous drainage has also been
the subject of much discussion. Kélliker [5] stressed in
1879 the role of the marginal sinus, partly lying in the
placenta and partly in the decidua vera. Spanner [13]
revived this theory in 1935, however without quoting
Kolliker. The anatomical work by many authors has
subsequently shown that venous drainage occurs all
over the basal plate. The veins fuse beneath the basal
plate to form the so-called ‘venous lakes’ [7]. The term
‘sinusoid’ has been applied to these vessels, but has
caused much confusion in the literature as the term
has been used for the intervillous space and the spiral
arteries.

The question of arteriovenous anastomoses in the
decidua arose when Hertig and Rock [17] described
extensive anastomoses in the decidua. Bartelmez [18],
however, after re-examination of the original histolog-
ical sections of Hertig and Rock [17] cast doubt on the
drawings published by these authors in 1941 and the
existence of such shunts was later disproved. Recently,
Schaaps and collaborators [19] used three-
dimensional sonography and anatomical reconstruc-
tion to investigate the placental bed vasculature and
demonstrated an extensive vascular anastomotic net-
work in the myometrium underlying the placenta. No
such network was seen outside the placental bed. It can
be speculated that the subendometrial network is
formed by the hypertrophied basal arterioles and
veins in the placental bed.

Pregnancy changes, intraluminal cells
and giant cells

The morphological changes of the uteroplacental
arteries were extensively studied, mainly by German
investigators, around the turn of the last century and
particularly in the context of the mechanism prevent-
ing the uterus from bleeding during the postpartum
period.

Almost all authors before 1925 agreed that thick-
ening of the intima occurs in myometrial arteries of
the uterus as a result of gestation. Wermbter [20] in an
extensive study showed that this change is not specific
for pregnancy, but is also related to some degree with
parity. The importance attached by these authors to
intimal thickening was that under the influence of
contractions the vessel becomes occluded and that
the projections caused by the intimal proliferation
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could act as supports for the formation of thrombi
causing primary occlusion of the vessel in the post-
partum period. The large myometrial arteries of the
multigravida are characterized by an abundance of
elastic and collagenous tissue in the adventitia,
although the amount of increase in elastic tissue does
not necessarily correlate with the number of
gestations.

While most authors seemed to be agreed on the
changes in the myometrial arteries much confusion
and discussion existed with respect to vessel changes in
the placental bed. Friedldnder [21] described in 1870
an outstanding vessel change in the placental bed,
which was wrongly described by Leopold [22] as ‘die
Spontane Venenthrombose’. Frieddnder’s description
is as follows:

One finds .... that many of these blood spaces are
surrounded by a moderately thick coat e.g. for a
sinus of 0.5mm diameter a coat as thick as
0.04 mm, which contains many apparently large
cells with prominent nuclei and a clear, nearly homo-
geneous ground substance staining intensively with
Carmin stain . ... The next remarkable phenomenon
is that the content of the sinus is no longer made up
of red and white blood cells, but contains, in a more
or less great number very dark, large and granulated
cells . ... These cells are sometimes lying singly in the
centre of the sinus, sometimes adherent to and lin-
ing, as a continuous epithelium, a part of the wall,
and, at last, can become so numerous that they
completely block the sinus only leaving here and
there gaps for an occasional red blood cell.

In 1904 Schickele [23] drew attention to the fact
that the vessel changes described by Friedlander [21]
and Leopold [22] occurred mainly in arteries and only
occasionally in veins. However, they were incorrect in
thinking that the cells in the arterial lumen were most
marked in late pregnancy as their description included
two different changes which, although related to each
other, appear in the spiral arteries at a different time
during the course of pregnancy. A confusing terminol-
ogy has been used to describe the changes which occur
in the wall of the spiral arteries communicating with
the intervillous space, such as ‘physiologische regres-
sive Metamorphose’, ‘hyalin Rohr mit grossen Zellen’,
fibrinoid and hyaline structures of bizarre outline in
collapsed vessels, and diffuse thickening of the entire
wall.

The intrusive cells in the lumen as described by
Friedldnder [21] were intensively studied by Boyd and
Hamilton [24] and Hamilton and Boyd [25,26] using

their large collection of uterine specimens with the
placenta in situ. They demonstrated the continuity of
these cells with the cytotrophoblastic cells of the basal
plate of the placenta. The intraluminal cells first appear
in the arteries when the latter are being tapped by the
invading trophoblast; the maternal blood then reaches
the intervillous space by percolating through the gaps
between the intraluminal cells. They decided that the
most acceptable explanation was that these cells were
derived from the cytotrophoblastic shell and migrated
antidromically along the vessel lumen. The intralumi-
nal cells can pass several centimeters along a spiral
artery and, indeed, may be found in its myometrial
segment. Such plugging by intraluminal cells was illus-
trated in a myometrial artery from a pregnant uterus
with a fetus of 118 mm CR length [4]. The plugs were
present in all the spiral arteries of the basal plate
during the middle 3 months of pregnancy, although
their numbers varied, and they disappeared altogether
in the last months. They were never observed in the
veins. Boyd and Hamilton [4] speculated that the
intravascular plugs damped down the arterial pressure
in arteries that had already lost their contractility.

Kolliker [5] was the first to describe in 1879 the
giant cells (‘Riesenzellen’) in the placental bed and
indicated that these cells are restricted to the decidua
basalis. Opinions diverged on the origin of these cells.
The fetal origin was demonstrated by Hamilton and
Boyd [26] when they examined uteri with placenta
in situ at closely related time intervals during preg-
nancy and observed continuity in the outgrowth of
fetal syncytial elements into the maternal tissue.
Suggested functions of the giant cells were the produc-
tion of enzymes, possibly to ‘soften up’ the maternal
tissue, and the elaboration of hormones. Hamilton
and Boyd had the impression that there was no
marked effect, cytolytic or otherwise, of the giant
cells on the maternal tissue. These cells seemed to
push aside the maternal cells and to dissolve the sur-
rounding reticulin and collagen, but there was no
apparent destructive effect on the adjacent maternal
cells. The possibility of hormone production by giant
cells was suggested by their histological and histo-
chemical appearance.

Functional aspects

In the early 1950s the hemodynamic aspects of the
maternal circulation of the placenta were investigated
using different new functional techniques such as the
determination of the **Na clearance time in the
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intervillous space [27], cineradiographic visualization
of the uteroplacental circulation in the monkey
[28,29], and determination of the pressure in the inter-
villous space [30].

Measurements of the amount of maternal blood
flowing through the uterus and the intervillous space
made by Browne and Veall [27] and Assali and co-
workers [31] showed that maternal blood flows
through the uterus during the third trimester at a
rate of approximately 750 ml/min, and 600 ml/min
through the placenta. Browne and Veall [27] found a
slight but progressive slowing of the flow in late preg-
nancy up to term. However, in the presence of mater-
nal hypertension a considerable decrease of flow was
found and the extent of change appeared to be related
to the severity of maternal hypertension.

Pathology of uteroplacental arteries

Vascular lesions of the uteroplacental arteries have
been described since the beginning of the last century.
Seitz [32] described in 1903 the intact uteri with pla-
centae from two eclamptic patients with abruptio pla-
centae and noted a proliferative and degenerative
lesion in the spiral arteries, with narrowing and even
occlusion of the vascular lumen. He found occluded
arteries underlying an infarcted area of the in situ
placenta, and related the vascular and decidual degen-
eration to the toxemic state. In later literature this
excellent report on the uteroplacental pathology in
eclampsia has been completely ignored, probably
because at that time most authors were mainly inter-
ested in the presence of inflammatory cells in the
decidua as a possible cause of eclampsia.

The delivered placenta and fetal membranes were
for many years the commonest method of obtaining
material for the study of spiral artery pathology, and
there were large discrepancies between the findings in
this material. In preeclampsia lesions such as acute
degenerative arteriolitis [33], acute atherosis [34],
and arteriosclerosis [35] were described.

Dixon and Robertson [2] introduced 50 years ago
at the University of Jamaica the technique of placental
bed biopsy at the time of cesarean section, while the
Leuven group [36,37] obtained biopsies after vaginal
delivery using sharpened ovum forceps. Both groups
described hypertensive changes that showed the char-
acteristic features of vessels exposed to systemic hyper-
tension, i.e. hyalinization of true arterioles and intimal
hyperplasia with medial degeneration and prolifera-
tive fibrosis of small arteries.

Physiological changes of placental

bed spiral arteries

The method of placental bed biopsy produced useful
material, but nevertheless was criticized by Hamilton
and Boyd (personal communication). They strongly
recommended the examination of intact uteri with the
placenta in situ for the simple reason that the placental
bed is such a battlefield that fetal and maternal tissues
are hard to distinguish on biopsy material and mater-
nal vessels are disrupted after placental separation. In
1958, independent from the British group in Jamaica,
the Department of Obstetrics and Gynaecology of the
Catholic University of Leuven had also started to col-
lect placental bed biopsies, and in 1963 they began to
collect uteri with the placenta in situ [37,38]. The
hysterectomy specimens were obtained from women
under normal and abnormal conditions whereas today
tubal sterilization would have been performed at the
time of cesarean section. The technique for keeping
the placenta in situ at the time of cesarean hysterec-
tomy was rather heroic. Immediately after delivery of
the baby the uterine cavity was tightly packed with
towels in order to reduce uterine retraction and pre-
vent the placenta from separating from the wall. The
large uterine specimens with placenta in situ were
examined by semiserial sections to trace the course of
spiral arteries from the basal plate to deep into the
myometrium. As a result Brosens, Robertson and
Dixon [39] described in 1967 the structural alterations
in the uteroplacental arteries as part of the physiolog-
ical response to the pregnancy and introduced for
these vascular adaptations the term ‘physiological
changes’ (Fig. 2.2). In 1972 the same authors [40]
published the observation that preeclampsia is associ-
ated with defective physiological changes of the utero-
placental arteries in the junctional zone myometrium.

In subsequent studies the remodeling of the spiral
arteries was investigated during the early stages of
pregnancy. While abortion for medical reasons was
allowed in the UK, it was not uncommon for older
women to have a hysterectomy. When Geoffrey Dixon
moved to the Academic Department of Obstetrics and
Gynaecology of the University of Bristol in the 1970s
he started to collect uteri with the fetus and placenta
in situ from terminations of pregnancy by hysterec-
tomy. The Bristol collection of uteri with placenta
in situ was the starting point for the study of the
development of uteroplacental arteries by Pijnenborg
and colleagues [41].
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Fig. 2.2 Diagram of the maternal blood supply to the placental bed
and intervillous space of the placenta showing physiological changes
of the spiral arteries in the basal plate, decidua and junctional zone
myometrium. After Brosens et al. [39].

Conclusions

The history outlined above illustrates the vascular
complexity of deep placentation in humans. The spiral
artery anatomy as well as the vascular pathology were
only revealed after studying uteri with in situ placen-
tae. There is no doubt that the main issue has been the
recognition of the structural adaptation of the spiral
arteries in the placental bed and the association of
defective deep placentation with clinical conditions
such as preeclampsia.

The main challenge today is to understand the
mechanisms of the vascular adaptations and the role
of the trophoblast and the maternal tissues in the
interactions that can lead to a spectrum of obstetrical
disorders.
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Introduction

Growth and decidualization are basic features of
the response of uterine spiral arteries prior to preg-
nancy. In pregnancy unique structural changes
occur first in endometrial and subsequently in myo-
metrial segments in response to trophoblast invasion.
Ultimately physiological changes are achieved that
allow blood flow of some 600 ml/min into the inter-
villous space. The term ‘placental bed” was deliber-
ately chosen to emphasize that it includes ‘not only
basal decidua but also underlying myometrium con-
taining the origins of the uteroplacental (spiral)
arteries’ [1].

In the initial studies of placental bed uteroplacen-
tal arteries in preeclampsia Dixon and Robertson [2]
and Brosens [3] assumed that the response of the
arteries to placentation was similar to that in normal
pregnancy and the investigators were looking for
typical hypertensive vascular lesions. However,
after the identification of the physiological changes
in the placental bed spiral arteries [4] (Fig. 3.1A),
difficulty was experienced in identifying remodeled
spiral arteries in the myometrium in cesarean hys-
terectomy specimens from women with hypertensive
disease, and the question was raised whether physio-
logical changes were defective in the myometrial
segment. The study of two cesarean hysterectomy
specimens with placenta in situ from women with
severe preeclampsia showed that physiological
changes were severely defective in the subendome-
trial myometrium [5].

In this chapter the features of defective physiolog-
ical changes of the spiral arteries in the placental bed in
association with preeclampsia and fetal growth restric-
tion and the methodology of placental bed vascular
studies are reviewed.

"Leuven Institute for Fertility and Embryology, Leuven, Belgium
) Pathology, Women’s and Children’s Hospital, North Adelaide, Australia

Placental bed vascular disorders

Defective spiral artery remodeling

Defective spiral artery remodeling

Defective myometrial spiral artery
remodeling in preeclampsia

Research on the presence and extent of physiological
changes in the spiral arteries in the subendometrial
myometrium was based on 15 hysterectomy specimens
and over 300 placental bed biopsies [5]. The clinical
groups included normotensive women, women with
preeclampsia only, and women with preeclampsia com-
plicating essential hypertension.
The study led to the following conclusions:

e In the third trimester of a normal pregnancy the
physiological changes involve the myometrial
segment of the spiral arteries except at the
periphery of the placental bed. The mean external
diameter of the myometrial spiral artery in the
placental bed is approximately 500 um. Acute
atherosis was not observed in myometrial spiral
arteries in or outside the placental bed.

e In preeclampsia physiological changes are almost
completely restricted to the decidual segments of
the spiral arteries (Fig. 3.2). The myometrial
segment appears to have an essentially normal
morphological structure including the retention of
the internal elastic membrane. The mean external
diameter is approximately 200 um. Lesions of acute
atherosis with intramural foam cell infiltrates
occasionally occur.

e In severe preeclampsia complicating essential
hypertension, physiological changes are present in
the decidual segment of the spiral arteries, as is the
case in preeclampsia, but seldom extend beyond
the deciduo-myometrial junction except in the

]
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Fig. 3.1 (A) Uteroplacental artery showing marked distension and replacement of the muscular and elastic tissue in the wall by fibrinoid and
invaded trophoblast. (B) A spiral artery in the junctional zone myometrium in severe preeclampsia showing absence of physiological changes
and surrounded by interstitial trophoblast (Masson trichrome). See plate section for color version.
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3.2 Diagram of the extent of physiological changes in the placental bed in normal pregnancy and preeclampsia.

center of the placenta [6]. The mean external
diameter of the myometrial spiral artery is similar
to that in uncomplicated preeclampsia. However,
the internal elastic lamina is frequently split or
reduplicated and can be demonstrated in the
hyperplastic intimal layer (Fig. 3.1B). In addition,
atherosis is found in a vessel that is already
hyperplastic. In fact, the combination of essential
hypertension and preeclampsia produces severe
obstructive lesions in the myometrial segment of
uteroplacental bed arteries. The effect of the
obstructive vascular lesions was reflected by a birth

weight below the 10th percentile occurring in 27%
of the infants born to women in the preeclampsia
alone group and in 67% of the preeclampsia
complicating essential hypertension group.

These results have been consistently confirmed by
other studies (Table 3.1). The data do not imply that the
inadequate response of the myometrial segments in
placental bed spiral arteries is a causal factor in pre-
eclampsia and that preeclampsia is the only condition
in which poor vascular response is found. Although
these clinical conditions are likely to be multifactorial
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Table 3.1. Defective physiological changes in myometrial spiral
arteries from women with preeclampsia

Author Control n (%) Preeclampsia n (%)

Placental bed biopsy (n: biopsies)

Gerretsen 1/23 (4%) 29/30 (97%)
[40]
Khong [7] 0/18 (0%) Without FGR: 11/14 (79%)
With FGR: 31/34 (91%)
Frusca [57] 1/14 (7%) 24/24 (100%)
Meekins [8]¢ 5/21 (24%) Severe PE 19/24 (82%)
Hanssens 6/18 (33%) Without FGR 16/23 (70%)
norP With FGR 7/8 (88%)
Sagol [52]° 4/20 (20%) 10/14 (71%)
Kim [58] 4/59 (7%) 12/23 (52%)
Kim [11] 4/103 (4%) 34/43 (81%)
Guzin [12] 4/20 (20%) Mild: 6/12 (50%)

Severe: 15/20 (75%)
Hysterectomy with placenta in situ (n: spiral arteries)

Brosens [44] 45 (4%) 1(90%)
“Trophoblast invasion in spiral arteries.
®Based on number of spiral arteries.

FGR, fetal growth retardation; PE, preeclampsia.

disorders, there is strong clinical and morphological
evidence to suggest that the degree of vascular resistance
in the placental bed is a major factor in determining the
fetal and neonatal outcome in these conditions.

Defective decidual spiral artery remodeling

In addition to the defect in remodeling the intramyo-
metrial segment of the spiral artery in pregnancies
complicated by preeclampsia and intrauterine growth
restriction, it is now clear that the failure of tropho-
blastic invasion into the spiral arteries is not confined
to the intramyometrial segments only.

In preeclampsia, a third to a half of the spiral
arteries in the decidual segment of the placental bed
lack the physiological changes [7] (Fig. 3.3). The
absence of remodeling of the spiral artery at the level
of the decidual segments is also seen in intrauterine
growth restriction [7]. Although not described in

Fig. 3.3 An unconverted spiral artery in the decidual segment in
preeclampsia. (From Keeling JW, Khong TY. Fetal and neonatal
pathology. London: Springer.)

detail, Khong et al. also indicated in their publication
that the lack of physiological change may also be con-
fined to part of the circumference of the vessel with the
remaining portion of the circumference showing
physiological change [7]. These observations have
since been confirmed by others [8,9].

Several authors have noted that the incidence of
absence of physiological changes in preeclampsia with
or without fetal growth restriction is higher in the
myometrial than in the decidual segments (Table 3.2)
[10,11,12]. The observations may suggest that there are
differences in the extent of decidual defective physio-
logical changes between different clinical conditions.

Defective spiral artery remodeling in
fetal growth restriction

In the absence of hypertension, fetal growth restriction
may have multiple causes. Failure of physiological
transformation is thought to increase the vascular
resistance in the placental bed and to reduce the blood
flow to the intervillous space. The question whether
fetal growth restriction in normotensive women is asso-
ciated with defective physiological changes of the pla-
cental bed spiral arteries has been a subject of much
controversy (Table 3.3). Sheppard and Bonnar found
that in normotensive pregnancies complicated by fetal
growth restriction, the physiological changes did not
extend beyond the decidual segments of the utero-
placental arteries [13]. However, Brosens et al. found
absence of physiological changes in the myometrial
segment in 10 (55%) out of 18 cases of fetal growth
restriction in normotensive women versus 20% in a

0
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Table 3.2. Absence of physiological changes in decidual and
myometrial segments of spiral arteries in preeclampsia

Placental bed

Decidua Myometrium
Kim [11]
Preeclampsia 14/43 (33%) 34/43 (80%)
Guzin [12]
Mild preeclampsia 3/12 (25%) 6/12 (50%)
Severe preeclampsia 9/20 (45%) 15/20 (75%)

Table 3.3. Defective physiological changes and atherosis in
myometrial spiral arteries in placental bed biopsies from
normotensive women with fetal growth restriction

Lesions
Author Defective Atherosis
Brosens [14] 10/18 (55%) Absent
Gerretsen [40] 8/16 (50%) Not assessed
Hustin [24] 15/25 (60%) Absent
Khong [7] 16/24 (67%) Absent
Hanssens? [10] 3/6 (50%) Absent

“number of spiral.

control group of normal weight fetuses [14]. De Wolf
et al. described in five cases with borderline hyperten-
sion the defective physiological and hypertensive lesions
changes and suggested that recurrent fetal growth
restriction may be the first clinical manifestation of
underlying vascular disease [15]. Khong et al. reported
in 24 cases of fetal growth restriction without hyper-
tension the absence of physiological changes in the
myometrial segment in 67% of the cases [7].

A note of caution is that the number of cases is
small and the topography of the defective lesions has
not been confirmed on hysterectomy specimens with
the placenta in situ. However, it is likely that defective
physiological changes of the spiral arteries are a cause
of fetal growth restriction in a group of small-for-age
newborns. It is important to note that the lesions were
not restricted to defective myometrial and decidual
transformation, but also included vascular hyper-
tensive lesions.

It can be concluded that in preeclampsia, whether
or not it is a complication of essential hypertension,
the failure of the spiral arteries to respond adequately

to placentation must result in their suboptimal disten-
sion. The fetus is then subjected to poor intervillous
blood flow from early gestation and not only during
the period when preeclampsia is clinically manifest. In
these circumstances low birth weight and liability to
hypoxia of the infant of a woman who has shown the
clinical features of preeclampsia for a few days should
occasion no surprise. When preeclampsia complicates
essential hypertension the high perinatal mortality and
morbidity can be explained by the fact that associated
hyperplastic changes cause a critically low level of
intervillous space flow to be reached earlier than in
preeclampsia alone.

Atherosis and other vascular lesions

A distinctive arteriopathy, subsequently called acute
atherosis [16], was first described in the uterus in
‘hypertensive albuminuric toxemia’ of pregnancy
[17]. The lesion is seen in preeclampsia, hypertensive
disease not complicated by preeclampsia [3,18],
normotensive  intrauterine  growth  restriction
[13,15,19,20,21], and systemic lupus erythematosus
[22,23]. The relationship of acute atherosis to diabetes
mellitus is complex. While some did not find acute
atherosis in patients with uncomplicated diabetes mel-
litus or gestational diabetes [21,24], others have des-
cribed the lesion in diabetes mellitus [18,25,26].
Unfortunately, these cases are complicated by hyper-
tensive disease or by intrauterine growth restriction
and it is unclear if it occurs in uncomplicated diabetes.

The incidence of acute atherosis ranges from 41%
to 48% in a series examining placental bed biopsies,
placental basal plates, and amniochorial membranes
[27]. Some workers have found an inverse relationship
between the presence of acute atherosis and birth
weight [28,29] but this is not supported by critical
statistical analysis of the data. No significant relation
was found between the lesion and fetal outcome,
including birth weight, degree of proteinuria, and
severity or duration of the hypertension [27].

The lesion is seen in vessels that have not undergone
the physiological changes of pregnancy and, accord-
ingly, can also be seen in the maternal vessels in the
decidua parietalis as well as those in the placental bed
[21]. In established cases, this lesion is characterized by
fibrinoid necrosis of the arterial wall, a perivascular
lymphocytic infiltrate and, at a later stage, the presence
of lipid-laden macrophages within the lumen and the
damaged vessel wall (Fig. 3.4A). A fibrinoid necrosis is
sometimes seen without either the lipophages or the
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Fig. 3.5 Endovascular trophoblast is seen within the lumen of a
uteroplacental artery in a third trimester preeclamptic pregnancy.

perivascular lymphocytic infiltrate suggesting that the
earliest lesion that can be confidently identified as acute
atherosis is fibrinoid necrosis [21] (Fig. 3.4B). This is
consistent with ultrastructural studies examining the
pathogenesis of the arteriopathy [30]. There is endothe-
lial disruption and some vessels may show luminal
obstruction by lipophages or thrombosis [31]. There is
immunolabeling with lipoprotein (a), which is throm-
bogenic and atherogenic [32]. Aneurysmal formation
associated with acute atherosis is sometimes seen and
this may be the result of the weakened vessel wall as a
result of the fibrinoid necrosis [31] (Fig. 3.4C).

Fig. 3.4 (A) Established acute atherosis,
with fibrinoid necrosis, lipid-laden
macrophages, and a perivascular
lymphocytic infiltrate. (B) Early acute
atherosis with fibrinoid necrosis and a
perivascular lymphocytic infiltrate; no
lipophages are present at this stage.

(O) Aneurysmal change in spiral arteries
with thrombosis in vessel on the left.

Endovascular trophoblast is seen within the
lumina of the spiral arteries in the first and second
trimester as part of the retrograde or antidromic inva-
sion of those arteries as part of the physiological vas-
cular response to pregnancy (see Chapter 11).
Whereas that is physiological, intraluminal endovas-
cular trophoblast in the third trimester is pathological
and is seen in the context of preeclampsia or intra-
uterine growth restriction [7,33] (Fig. 3.5). This has
been argued as a teleological response by the fetal
trophoblast to the hypoxia in the intervillous space
resulting from the untransformed vessels [34].
Intravascular plugging by endovascular trophoblast
in the first trimester has the effect of diminishing
blood flow into the intervillous space and reducing
oxidative stress [35] and, although the blood flow
through the uteroplacental arteries would be consid-
erably greater than that in the first trimester, never-
theless, there is still a physical impediment to the blood
flow by the physical presence of endovascular tropho-
blast in the lumen in the third trimester. Additionally,
there is disruption to the vascular endothelium [36].

Material for placental bed vascular
studies

Basal plate

The basal plate of a delivered placenta is highly insuf-
ficient for the study of spiral arteries as it does not
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even represent the whole thickness of the decidua.
However, the pathologist can choose a representative
biopsy, such as the center of the placenta, and the
number of biopsies is unlimited. Although decidual
fragments may contain invaded spiral arteries, it
should be clear that such material has only limited
value for evaluating the depth and extent of tropho-
blast invasion and physiological changes. Khong et al.
showed that in preeclampsia, not only are physiolog-
ical changes restricted to decidual segments of spiral
arteries, but also fewer arteries are invaded [7]. In that
case, estimating the percentage of decidual arteries
without physiological changes may be relevant, and
therefore he recommended ‘en face’ sectioning of
flatly embedded basal plates in order to maximize
the number of decidual spiral arteries examined [37].
Atherotic lesions may be detected in such material
but, even in normal pregnancy, the basal plate may
undergo lipid deposition, especially near term. A
major limitation of basal plate studies, however, is
that the structure of basal plate is variable including
maternal arterioles in septa and that in the absence of
physiological changes spiral and basal arterioles may
have similar appearances.

Placental bed biopsies

Comparison of results based on placental bed biopsy is
hampered by variations in the technique of obtaining
placental bed biopsies and the examination of the
biopsy [1,38]. The biopsy can vary in size (5mm,
5-10 mm, or more than 10 mm), origin (central, para-
central, periphery), and thickness (decidua, myome-
trium). Moreover, the technique of examination of the
biopsy can vary greatly, such as orientation of the biopsy
and serial sectioning. These features are frequently not
specified and therefore comparison of results between
studies should be interpreted with caution.

The British and Belgian groups originally used two
different techniques to obtain placental bed biopsies.
Dixon and Robertson in Jamaica used a punch biopsy
forceps or a curved scissor at the time of cesarean
section [2]. On the other hand, Renaer and Brosens
obtained biopsies predominantly at the time of vaginal
delivery and used an ovum forceps with its edges
sharpened [39]. The cups of the ovum forceps have a
length of more than 1cm and were laterally pressed
against the uterine wall to obtain the biopsy. This
technique provided a large piece of decidua and under-
lying myometrium. With about one spiral artery for

0.7 cm? placental bed surface (see ‘Chapter 2’) a biopsy
with a size of 1cm? is likely to include a spiral artery
and, moreover, to include parts of both the decidual
and myometrial segment. Criteria to confirm the pla-
cental bed origin of the biopsy included the presence of
interstitial, endovascular or intramural trophoblast
and/or an artery with physiological changes or an
artery larger than 120 pm. However, the absence of
both criteria does not necessarily exclude placental
bed origin.

Gerretsen et al. and Robson et al. suggested that a
single large biopsy is a more successful way for sam-
pling spiral arteries with myometrial and decidual seg-
ments in the same biopsy than multiple biopsies
[40,41]. Robson et al. recently used 310 mm-long
biopsy forceps with 5 mm-wide cutting jaws to obtain
under ultrasound guidance three or four biopsies from
the presumed placental bed in early pregnancy and in
late pregnancy at the time of cesarean section as well as
after vaginal delivery. With this technique they
obtained in late pregnancy biopsies with at least one
spiral artery in 55% of cases. In these cases a third had
both a decidual and myometrial vessel and a third had
more than one myometrial vessel and there was no
difference between normal and preeclampsia/small for
gestational age groups [41].

In the literature the success rate of a biopsy speci-
men containing trophoblast and both decidual and
myometrial segments of a spiral artery varied between
70% [14] and 44% [41]. However, vascular lesions do
not occur in every spiral artery and they can be focal or
segmental and therefore absent in random sections
and even in biopsies [8].

Recently, Harsem et al. described the decidual suc-
tion method for more successful collection of decidual
tissue [42]. Tissue was harvested in 51 cesarean sec-
tions by vacuum suction of the placental bed. In 44
(86%) cases one random section demonstrated at least
one spiral artery and in 19 (37%) six or more spiral
arteries were present. The authors proposed that the
method is complementary to the placental bed biopsy
method, but its greatest limitation is the lack of topo-
graphical oriented tissue yield, as well as the relative
lack of myometrial tissue.

It is likely that a single biopsy specimen from the
center of the placental bed reveals a different picture of
the physiological changes of spiral arteries than multi-
ple small biopsies taken at random. Therefore caution
should be exercised when comparing the results of
studies using different techniques.
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Hysterectomy specimen with placenta

in situ

Hysterectomy specimens with placenta in situ provide
the ideal material for the study of structure and path-
ology of the uteroplacental vessels. Unfortunately the
specimens collected by Boyd and Hamilton included
no clinical information as they were mainly obtained
in collaboration with coroners at the time of accidental
maternal death [43]. However, in the late 1950s
Hamilton recommended that Ivo Brosens should
obtain cesarean hysterectomy specimens with the pla-
centa in situ for the study of spiral arteries in maternal
hypertensive disease. At that time tubal sterilization
was illegal in Belgium, but cesarean hysterectomy
could be performed for a range of medical reasons.
Marcel Renaer and Joseph Schockaert, both senior
gynecologists in the Department of Obstetrics and
Gynaecology at the Catholic University of Leuven,
introduced a rather heroic cesarean section technique.
Immediately following the delivery of the baby the
uterine cavity was tightly packed with towels in order
to avoid retraction and separation of the placenta. In
addition, in some cases a bold incision was made in the
outer myometrium overlying the placenta to decrease
retraction. A series of 15 cesarean hysterectomy speci-
mens with placenta in situ was collected from normal

and abnormal pregnancies [4,6,44]. The specimens
containing uterine wall and placenta were cut on a
sledge microtome in 8 pm sections and examined at
250 um intervals (Figs. 3.6 and 3.7). The histological
examination of the uterine wall with placenta in situ
was the basis of the demonstration in 1967 of the
presence of physiological changes of the spiral arteries
in normal pregnancy and the discovery in 1972 of the
absence of physiological changes in the myometrial
junctional zone in preeclampsia [4,5].

Comments

Defective area of deep placentation

The study of the hysterectomy specimen with placenta
in situ from a normotensive woman and a woman with
severe preeclampsia revealed a similar number of spi-
ral artery openings per 0.7 cm”. The total number of
spiral artery openings in the placental bed for a normal
pregnancy was estimated at 120 and for severe pre-
eclampsia 72 [44]. It is therefore likely that in severe
cases not only the depth of physiological changes, but
also the total number of uteroplacental arteries may be
deficient.

The data add to the view that defective deep pla-
centation starts with the beginning of implantation

Fig. 3.6 Hysterectomy specimen from a
patient with severe preeclampsia: the
placenta in situ shows paracentral areas of
placental infarction (X, Y).
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Fig. 3.7 Hysterectomy specimen from a patient with severe
preeclampsia. Segment of maternal surface: the spiral artery in the
central area is converted (0), while paracentral and peripheral spiral
arteries are unconverted (e).

and that both defective deep placentation and a smaller
number of uteroplacental arteries may result in a
decreased central area of the placental bed with well-
developed spiral arteries.

What causes failure of deep placentation?

Several observations point to different causes of defec-
tive deep placentation. Maternal hypertension has
been a well-documented cause of deep placentation
failure. Moreover, De Wolf et al. found that fetal
growth restriction and severe lesions of placental bed
spiral arteries can occur even in the absence of sus-
tained hypertension [45]. Recently, Kim et al. showed
that preterm premature rupture of the membranes or
labour without rupture of the fetal membranes is also
associated with defective deep placentation, although
to a lesser degree, and with the absence of severe
vascular lesions [11]. Ball and collaborators observed
in late sporadic miscarriage that the disorganization of
the spiral artery smooth muscle may not be entirely
dependent on invaded trophoblast, as is currently
assumed [46]. They referred to the work of Craven
et al. who showed that disorganization of the media of
spiral arteries is independent of trophoblast invasion
and that progesterone effect may be a first step before
typical physiological changes develop [47].

Recently, defective decidualization has been pro-
posed as a cause of defective deep placentation [48]
and maternal factors such as menstrual precondition-
ing may be a mechanism to prepare uterine tissues for
deep placentation [49]. While decidualization in the
endometrium refers to the stroma cells (i.e. decidual
cells) it also involves immune cells such as uterine
natural killer cells, macrophages, T cells, and growth

factors and changes in the smooth muscle cells and
spiral arteries in the myometrial junctional zone. Kim
et al. suggested recently that in the absence of the
decidual effect and dilatation the endovascular troph-
oblast cells may become arrested at the level of the
myometrial junctional zone and fail to progress into
myometrial spiral artery segments and that this could
be the case in defective deep placentation, such as
preterm premature rupture of the membranes or
labor with intact membranes [11]. Interestingly, the
percentage of nulliparous women is high in both
groups of women with preeclampsia and preterm
pregnancy complications. While the primary role of
trophoblast in defective deep placentation remains
controversial, defective preconditioning of the uterus
and the presence of clinical or subclinical hypertensive
vascular disease can be proposed as two independent
maternal causes of defective deep placentation.

The future role of color Doppler
ultrasound

The question arises as to whether Doppler findings
throughout pregnancy can unravel the link between
placental bed vascular development and the ultimate
pregnancy outcome and shed more light on the clinical
significance of defective deep placentation in different
clinical conditions. Studies of the placental bed have in
recent years shown that defective deep placentation is
associated with a spectrum of clinical conditions.
However, it has been shown that the extent of physio-
logical changes and associated vascular lesions vary
greatly between different clinical conditions. Severe
preeclampsia and fetal growth restriction are associ-
ated with extensive failure of myometrial spiral artery
transformation and, in addition, the arteries in both
myometrium and decidua show hyperplastic vascular
lesions and atherosis.

Doppler studies have consistently confirmed an
increased uterine artery resistance in clinical condi-
tions associated with defective deep placentation
[12,50,51,52,53,54]. However, the question arises as
to what extent the vascular resistance in the placental
bed is determined by the decrease in number of
arteries with physiological changes and the extent
of defective physiological changes. In analogy with
the findings of Matijevic et al. that impedance to
blood flow in spiral arteries is lower in the central
area of the placental bed than in the peripheral
areas [55], the size of the central area with low
impedance spiral arteries may be more important
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than the uterine artery resistance or the resistance in a
few spiral arteries in the center of the placenta. Deurloo
et al. recently performed measurements in the central
region of the placenta, but failed to confirm previous
findings of increased resistance in complicated preg-
nancies [56]. Indeed, examination of large hyster-
ectomy specimens with placenta in situ has shown
that in severe cases of preeclampsia a small, central
part of the placenta may contain spiral arteries with
fully developed physiological changes. This would sug-
gest that comparison of the size of the central part with
normal flow rather than the flow in a selected zone of
the placenta may be a valuable method for estimating
the severity of defective deep placentation.

References

1. Robertson W B, Khong T'Y, Brosens I et al. The
placental bed biopsy: review from three European
centers. Am ] Obstet Gynecol 1986; 155: 401-12.

2. Dixon HG, Robertson W B. A study of the vessels of the
placental bed in normotensive and hypertensive women.
J Obstet Gynaecol Br Emp 1958; 65: 803-9.

3. Brosens I. A study of the spiral arteries of the decidua
basalis in normotensive and hypertensive pregnancies.
J Obstet Gynaecol Br Cwth 1964; 71: 222-30.

4. BrosensI, Robertson W B, Dixon H G. The physiological
response of the vessels of the placental bed to normal
pregnancy. ] Pathol Bacteriol 1967; 93: 569-79.

5. Brosens I A, Robertson W B, Dixon H G. The role of the
spiral arteries in the pathogenesis of preeclampsia.
Obstet Gynecol Annu 1972; 1: 177-91.

6. Brosens I, Renaer M. On the pathogenesis of placental
infarcts in pre-eclampsia. ] Obstet Gynaecol Br
Commonw 1972; 79: 794-9.

7. Khong TY, De Wolf F, Robertson W B, Brosens I.
Inadequate maternal vascular response to placentation
in pregnancies complicated by pre-eclampsia and by
small-for-gestational age infants. Br ] Obstet Gynaecol
1986; 93: 1049-59.

8. Meekins ] W, Pijnenborg R, Hanssens M, McFadyen IR,
van Assche A. A study of placental bed spiral arteries and
trophoblast invasion in normal and severe pre-eclamptic
pregnancies. Br ] Obstet Gynaecol 1994; 101: 669-74.

9. Pijnenborg R, Anthony J, Davey D A et al. Placental bed
spiral arteries in the hypertensive disorders of
pregnancy. Br ] Obstet Gynaecol 1991; 98: 648-55.

10. Hanssens M, Pijnenborg R, Keirse M ] et al. Renin-like
immunoreactivity in uterus and placenta from
normotensive and hypertensive pregnancies. Eur J
Obstet Gynecol Reprod Biol 1998; 81: 177-84.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Kim Y M, Bujold E, Chaiworapongsa T et al. Failure of
physiologic transformation of the spiral arteries in
patients with preterm labor and intact membranes. Am |
Obstet Gynecol 2003; 189: 1063-9.

Guzin K, Tomruk S, Tuncay Y A et al. The relation of
increased uterine artery blood flow resistance and
impaired trophoblast invasion in pre-eclamptic
pregnancies. Arch Gynecol Obstet 2005; 272: 283-8.

Sheppard B L, Bonnar J. The ultrastructure of the arterial
supply of the human placenta in pregnancy complicated
by fetal growth retardation. Br J Obstet Gynaecol 1976;
83: 948-59.

Brosens I, Dixon HG, Robertson W B. Fetal growth
retardation and the arteries of the placental bed. Br |
Obstet Gynaecol 1977; 84: 656-63.

De Wolf F, Brosens I, Renaer M. Fetal growth
retardation and the maternal arterial supply of the
human placenta in the absence of sustained
hypertension. Br ] Obstet Gynaecol 1980; 87: 678-85.

Zeek P M, Assali N S. Vascular changes in the decidua
associated with eclamptogenic toxemia of pregnancy.
Am ] Clin Pathol 1950; 20: 1099-109.

Hertig A T. Vascular pathology in hypertensive
albuminuric toxemias of pregnancy. Clinics 1945; 4:
602-14.

Kitzmiller J L, Watt N, Driscoll S G. Decidual
arteriopathy in hypertension and diabetes in pregnancy:
immunofluorescent studies. Am J Obstet Gynecol 1981;
141: 773-9.

Sheppard B L, Bonnar J. An ultrastructural study of
utero-placental spiral arteries in hypertensive and
normotensive pregnancy and fetal growth retardation.
Br J Obstet Gynaecol 1981; 88: 695-705.

Althabe O, Labarrere C, Telenta M. Maternal vascular
lesions in placentae of small-for-gestational-age infants.
Placenta 1985; 6: 265-76.

Khong TY. Acute atherosis in pregnancies complicated
by hypertension, small-for-gestational-age infants, and
diabetes mellitus. Arch Pathol Lab Med 1991; 115: 722-5.

Abramowsky CR, Vegas M E, Swinehart G, Gyves M T.
Decidual vasculopathy of the placenta in lupus
erythematosus. N Engl ] Med 1980; 303: 668-72.

De Wolf F, Carreras L O, Moerman P et al. Decidual
vasculopathy and extensive placental infarction in a
patient with repeated thromboembolic accidents,
recurrent fetal loss, and a lupus anticoagulant. Am |
Obstet Gynecol 1982; 142: 829-34.

. Hustin J, Foidart ] M, Lambotte R. Maternal vascular

lesions in pre-eclampsia and intrauterine growth
retardation: light microscopy and immunofluorescence.
Placenta 1983; 4: 489-98.

]



o]

Section 2: Placental bed vascular disorders

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Emmrich P, Birke R, Godel E. Morphology of
myometrial and decidual arteries in normal pregnancy,
in toxemia of pregnancy, and in maternal diabetes.
Pathol Microbiol (Basel) 1975; 43: 38-61.

Driscoll S G. The pathology of pregnancy complicated
by diabetes mellitus. Med Clin N Am 1965; 49: 1053-67.

Khong T'Y, Pearce ] M, Robertson W B. Acute atherosis
in preeclampsia: maternal determinants and fetal
outcome in the presence of the lesion. Am J Obstet
Gynecol 1987; 157: 360-3.

Maqueo M, Azuela J C, de la Vega M D. Placental
pathology in eclampsia and preeclampsia. Obstet
Gynecol 1964; 24: 350-6.

McFadyen IR, Price A B, Geirsson RT. The relation of
birthweight to histological appearances in vessels of the
placental bed. Br J Obstet Gynaecol 1986; 93: 476-81.

De Wolf F, Robertson W B, Brosens I. The ultrastructure
of acute atherosis in hypertensive pregnancy. Am |
Obstet Gynecol 1975; 123: 164-74.

Khong T'Y, Mott C. Immunohistologic demonstration of
endothelial disruption in acute atherosis in pre-eclampsia.
Eur ] Obstet Gynecol Reprod Biol 1993; 51: 193-7.

Meekins ] W, Pijnenborg R, Hanssens M, Van Assche A,
McFadyen I R. Immunohistochemical detection of
lipoprotein(a) in the wall of placental bed spiral arteries
in normal and severe preeclamptic pregnancies. Placenta
1994; 15: 511-24.

Kos M, Czernobilsky B, Hlupic L, Kunjko K.
Pathological changes in placentas from pregnancies with
preeclampsia and eclampsia with emphasis on
persistence of endovascular trophoblastic plugs. Croat
Med ] 2005; 46: 404-9.

Khong T'Y, Robertson W B. Spiral artery disease. In:
Coulam CB, Faulk WP, McIntyre J A, eds.
Immunological obstetrics. New York: W.W. Norton;
1992: pp. 492-501.

Jauniaux E, Hempstock J, Greenwold N, Burton GJ.
Trophoblastic oxidative stress in relation to temporal
and regional differences in maternal placental blood flow
in normal and abnormal early pregnancies. Am J Pathol
2003; 162: 115-25.

Khong TY, Sawyer I H, Heryet AR. An
immunohistologic study of endothelialization of
uteroplacental vessels in human pregnancy - evidence
that endothelium is focally disrupted by trophoblast in
preeclampsia. Am ] Obstet Gynecol 1992; 167: 751-6.

Khong T'Y, Chambers H M. Alternative method of
sampling placentas for the assessment of uteroplacental
vasculature. J Clin Pathol 1992; 45: 925-7.

Lyall F. The human placental bed revisited. Placenta
2002; 23: 555-62.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Renaer M, Brosens . [Spiral arterioles in the decidua
basalis in hypertensive complications of pregnancy.]
Ned Tijdschr Verloskd Gynaecol 1963; 63: 103-18.

Gerretsen G, Huisjes HJ, Elema J D. Morphological
changes of the spiral arteries in the placental bed in
relation to pre-eclampsia and fetal growth retardation.
Br J Obstet Gynaecol 1981; 88: 876-81.

Robson S C, Simpson H, Ball E, Lyall F, Bulmer JN.
Punch biopsy of the human placental bed. Am J Obstet
Gynecol 2002; 187: 1349-55.

Harsem N K, Staff A C, He L, Roald B. The decidual
suction method: a new way of collecting decidual tissue
for functional and morphological studies. Acta Obstet
Gynecol Scand 2004; 83: 724-30.

Boyd ] D, Hamilton W . The human placenta.
Cambridge: Heffer and Sons; 1970.

Brosens I A. The utero-placental vessels at term: the
distribution and extent of physiological changes.
Trophoblast Res 1988; 3: 61-7.

De Wolf F, De Wolf-Peeters C, Brosens I, Robertson
W B. The human placental bed: electron microscopic
study of trophoblastic invasion of spiral arteries. Am J
Obstet Gynecol 1980; 137: 58-70.

Ball E, Bulmer JN, Ayis S, Lyall F, Robson S C. Late
sporadic miscarriage is associated with abnormalities in
spiral artery transformation and trophoblast invasion.

J Pathol 2006; 208: 535-42.

Craven CM, Morgan T, Ward K. Decidual spiral artery
remodelling begins before cellular interaction with
cytotrophoblasts. Placenta 1998; 19: 241-52.

Brosens J J, Pijnenborg R, Brosens I A. The myometrial
junctional zone spiral arteries in normal and abnormal
pregnancies: a review of the literature. Am J Obstet
Gynecol 2002; 187: 1416-23.

Brosens J J, Parker M, McIndoe A, Pijnenborg R,
Brosens I A. A role for menstruation in preconditioning
the uterus for successful pregnancy. Am J Obstet Gynecol
2009; 200: 615.e1-615.€6.

Voigt H]J, Becker V. Doppler flow measurements and
histomorphology of the placental bed in uteroplacental
insufficiency. J Perinat Med 1992; 20: 139-47.

Lin S, Shimizu I, Suehara N, Nakayama M, Aono T.
Uterine artery Doppler velocimetry in relation to
trophoblast migration into the myometrium of the
placental bed. Obstet Gynecol 1995; 85: 760-5.

Sagol S, Ozkinay E, Oztekin K, Ozdemir N. The
comparison of uterine artery Doppler velocimetry with
the histopathology of the placental bed. Aust N Z ] Obstet
Gynaecol 1999; 39: 324-9.

Aardema M'W, Oosterhof H, Timmer A, van Rooy I,
Aarnoudse J G. Uterine artery Doppler flow and



Chapter 3: Defective spiral artery remodeling

54.

uteroplacental vascular pathology in normal
pregnancies and pregnancies complicated by pre-
eclampsia and small for gestational age fetuses. Placenta
2001; 22: 405-11.

Madazli R, Somunkiran A, Calay Z, Ilvan S, Aksu M F.
Histomorphology of the placenta and the placental bed
of growth restricted foetuses and correlation with the
Doppler velocimetries of the uterine and umbilical
arteries. Placenta 2003; 24: 510-6.

55.

56.

Matijevic R, Meekins ] W, Walkinshaw S A, Neilson J P,
McFadyen I R. Spiral artery blood flow in the central and
peripheral areas of the placental bed in the second
trimester. Obstet Gynecol 1995; 86: 289-92.

Deurloo KL, Spreeuwenberg M D, Bolte A C, Van Vugt
J M. Color Doppler ultrasound of spiral artery blood
flow for prediction of hypertensive disorders and intra
uterine growth restriction: a longitudinal study. Prenat
Diagn 2007; 27: 1011-6.

]



or hoth?

Robert Pijnenborg and Myriam C. Hanssens

What is defective: decidua, trophoblast,

Katholieke Universiteit Leuven, Department Woman & Child, University Hospital Leuven, Leuven, Belgium

Introduction

It has been known for a long time that the occurrence
of preeclampsia is somehow linked to the presence of a
placenta [1]. During placentation the mother comes in
close contact with semi-allogeneic fetal trophoblastic
cells which play a key role in maternal-fetal physio-
logical exchange. Because of the reduced number of
layers separating the two circulations, the most inti-
mate association between mother and fetus occurs in
species with hemochorial placentation, in which fetal
trophoblast is directly exposed to circulating maternal
blood. In contrast to other placental types, hemocho-
rial placentation is always associated with decidualiza-
tion of the endometrium, which involves an
‘epithelioid’ transformation of the fibroblasts of the
uterine mucosa [2], accompanied by extracellular
matrix changes and infiltration by other cell types,
notably uterine natural killer cells and macrophages.
Multiple functions have been ascribed to the decidua,
including the secretion of hormones and growth fac-
tors to allow embryo implantation and placental out-
growth in an orderly fashion, but at the same time also
protecting the uterus against excessive damage [3].
Morphologically, various degrees of decidualization
have been discerned in different species, notably in
primates where a more elaborate decidua seems to be
associated with deeper trophoblast invasion beyond
the decidualized endometrium, as typically occurs in
the human [4].

Decidualization not only involves the endometrial
stroma, but also the spiral arteries which undergo a
marked increase in length from the late luteal phase of
the cycle onwards, leading to their spiral course [5].
After an early phase of ‘plugging’ by intraluminal
trophoblast, spiral arteries undergo a retrograde (‘anti-
dromic’) invasion by these cells, which are also largely
responsible for the subsequent vascular remodeling

2 (Chapter 11). Variations may occur in different species

as to the involvement of endovascular and interstitial
trophoblast, as well as to the depth of invasion which
can either be restricted to the decidua or extended into
the inner myometrium (Chapter 13). ‘Physiologically
changed’ spiral arteries have undergone a loss of the
vascular smooth muscle and the elastic lamina, result-
ing in a significant increase in vascular diameter to
accommodate the increasing uteroplacental blood
flow. Soon after the discovery of the characteristic
spiral artery remodeling in the pregnant uterus, it
was postulated that these changes resulted from a
destructive action by invading trophoblast on the ves-
sel wall [6] (see also Chapter 2). This initial emphasis
on a primordial role of trophoblast in the process was
subsequently toned down by the observation - in the
human as well as in laboratory animals - that decidua-
associated arterial changes, probably occurring under
hormonal control, precede trophoblast invasion [7,8].
This seemed to imply that there exists an early prepar-
atory phase which is essential for subsequent
trophoblast-associated remodeling. Since in the
human the trophoblast invades as deeply as the inner
‘junctional zone’ (JZ) myometrium, which is increas-
ingly considered as a separate uterine compartment
(see Chapter 9), the occurrence of a priming ‘decidua-
associated” vascular remodeling has to be considered
also in this uterine compartment.

In 1972 Brosens and colleagues [9] showed for the
first time that in preeclampsia the ‘physiological
changes’ are restricted to the decidua. These observa-
tions were mainly based on studies of third trimester
placental bed biopsies collected during cesarean sec-
tions, and since no data were available yet about an
early ‘decidualization’ phase of vascular remodeling, it
was logical to propose a failure of trophoblast invasion
as a primary cause of the vascular defects. At that time
little was known about the relationship between early
invasive processes and vascular change during the first
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trimester. Although swelling of vascular smooth
muscle in the decidual spiral arteries had already
been described [10], an event obviously related to
the development of perivascular decidual sheaths
(‘Streeter’s columns’), nothing was known about the
inner myometrium in early pregnancy, which was to
be the site of the major vascular defects in preeclamp-
sia. Subsequent histological studies of the junctional
zone myometrial segments of spiral arteries in intact
pregnant hysterectomy specimens of the first and early
second trimester resulted in two major findings [11].
First, vascular changes including disorganization of
the muscular wall are not exclusively due to the pres-
ence of trophoblast. Vascular smooth muscle becomes
disorganized before the arrival of endovascular troph-
oblast and this process is enhanced in the presence
of interstitial trophoblast. A second finding was the
apparent occurrence of endovascular invasion in the
inner myometrium as a second ‘wave’ occurring after a
4-week period of relative stability in the decidua. In
later years this ‘two waves concept’ has been criticized,
mainly following studies of large numbers of placental
bed biopsies taken in early pregnancy [12,13].
Although the two waves concept is not definitely
agreed upon, the point is relevant for considering
possible mechanisms of failed invasion. Indeed, the
occurrence of a distinct second wave might imply a
specific mechanism for triggering deeper invasion,
which might be disturbed in preeclampsia.

From the previous it follows that a failure of spiral
artery remodeling might find its origin either in the
fetal trophoblast or in the maternal environment (the
decidualized endometrium and JZ myometrium,
including the spiral arteries), or maybe even in both.
In addition to these local uterine phenomena wider
pathophysiological disturbances should also be con-
sidered, which may have an impact upon these local
vascular defects.

Arguments for trophoblast defects

Focusing on spiral artery invasion, there is little direct
evidence for the occurrence of intrinsic trophoblastic
defects in early pregnancy. The only relevant observa-
tion so far might be the absence of endovascular
trophoblast in myometrial spiral arteries in one out
of seven post-15 weeks specimens in a study of early
pregnant uteri [11]. While this finding is obviously
very intriguing, it is of course pointless to guess
whether or not preeclampsia would have occurred if
the pregnancy had been allowed to continue.

Arguments for intrinsic defects in acquiring an
‘invasive phenotype’ during extravillous trophoblast
differentiation were put forward during the high days
of integrin research. A key observation was the discov-
ery of a spatial gradient of shifting integrin expression
within the cytotrophoblastic cell columns of anchor-
ing villi, as revealed by immunohistochemistry on
tissue samples of early abortions [14,15]. This integrin
shift must result in an altered binding capacity to
different extracellular matrix components, thought to
be necessary for allowing trophoblast migration. This
integrin shift could still be observed in late second
trimester normal pregnancies, but was absent in pre-
eclamptic women [16], thus indicating a possible cause
for failed invasion. Although the idea was very attrac-
tive, no differences in integrin expression were
observed in extravillous trophoblasts in the basal
plate and associated decidua in third trimester placen-
tae of normal and complicated pregnancies [17]. This
observation does not refute the postulated role of a
failed integrin shift in preeclampsia, however, since at
this late stage of pregnancy all invasive activity may
have stopped at the basal plate and associated decidua.
Another problem with the defective integrin shift
hypothesis is that mainly interstitial trophoblasts
were evaluated in the quoted studies. While a defective
endovascular invasion was implied by the restricted
spiral artery remodeling, the question as to whether
defective interstitial invasion might also be involved in
preeclampsia has never been convincingly answered
[18,19]. Although admittedly anecdotal, placental bed
biopsies of even severe preeclamptic women may
sometimes show intense interstitial invasion of the
inner myometrium. This should not be surprising,
since interstitial trophoblast numbers vary consider-
ably throughout the whole extent of the placental bed,
not only in preeclamptic women but also in normal
pregnancies [18]. Recent evidence for defects in inter-
stitial trophoblast in hypertensive pregnancies is the
finding of an inadequate fusion of invading cytotro-
phoblast into multinuclear giant cells in both gesta-
tional hypertension and preeclampsia, associated with
a maintenance of E-cadherin expression [20]. This
finding is in agreement with a report of a failed down-
regulation of E-cadherin in preeclampsia [16], but
contradicts previous claims of increased fusion into
multinuclear giant cells in this condition [21].
Whether alterations in E-cadherin expression may
result from an intrinsic trophoblast defect, or rather
are induced by maternal factors is not known.
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Impaired trophoblast invasion in spiral arteries
may not only be due to an intrinsic defect in invasive
properties, but may also be induced by maternal cells.
Inflammatory cells are inevitably present within
invaded areas of the placental bed, and an aggravated
maternal response might well lead to an ‘overkill’
of trophoblasts. Such events might be related to the
concept that normal - and a fortiori preeclamptic -
pregnancies represent a hyperinflammatory state [22].
Although not regularly seen in near-term placental
bed biopsies, physiologically remodeled spiral arteries
occasionally show extensive leukocytic infiltrations. It
is possible, however, that invasion-related acute
maternal inflammatory responses mainly occur in ear-
lier stages of pregnancy when biopsies are not rou-
tinely taken, and this may account for the rarity of
such observations.

Arguments for maternal defects

For a long time trophoblast invasion was thought to be
controlled by a restrictive action of the decidua [3, 23].
One proposed mechanism, emerging from rodent stud-
ies, was the presence of a mechanical barrier, possibly
effected by the tight intercellular junctions joining
decidual stromal cells [2]. Such restriction would in
the first place apply to interstitial trophoblasts which
are directly in contact with the decidualized endometrial
stroma. In the human, however, it is obvious that the
decidua does not really act as a barrier but rather as a
passage-way for trophoblasts to colonize the junctional
zone myometrium, as witnessed by the tremendous
numbers of interstitial trophoblasts appearing in this
compartment during the first trimester [24]. Indeed,
more recent evidence indicated that the human decidua
may actually stimulate the invasive behavior of the
trophoblasts by inducing their synthesis of matrix met-
alloproteinases (MMPs) [25]. This idea was already
implicit in the comparative study by Ramsey and col-
leagues [4] who tried to find an explanation for the
obviously higher degree of decidualization in the
human as compared to other primate species with less
deep trophoblast invasion. It is therefore conceivable
that defective decidual function may be a possible rea-
son for impaired trophoblast invasion in complicated
pregnancies, although, as far as the interstitial invasion
is concerned, the available (contradictory) evidence
needs to be substantiated [18,19].

A stimulatory role of decidua for trophoblast
invasion may also apply to the endovascular invasion
of the spiral arteries. First, it is not inconceivable that

the ‘decidualized’ vascular smooth muscle may also
induce MMP production by the migrating endovas-
cular trophoblasts and thus stimulate their invasion
or incorporation into the vessel wall. Second, since
the decidualization process of the spiral arteries
implies a loss in the coherence of the vascular smooth
muscle, this early vascular change might allow easier
intramural penetration by the trophoblast. This loss
in coherency of the smooth muscle must be related to
alterations in the extracellular matrix, and such
matrix changes have been reported for both the
decidual stroma and the decidual segments of spiral
arteries [26]. Decidua-associated vascular remodel-
ing not only occurs in the decidua but also in the
§unctional zone’ myometrial compartment [27]. Is
there any evidence for a disturbed decidua-associated
remodeling, either in the decidua or in the JZ myo-
metrium, in complicated pregnancies? Unfortunately
not, mainly because of the impossibility to routinely
collect placental bed samples in the early stages of
an ongoing pregnancy. There was certainly no
morphological evidence of failed disorganization —
i.e. maintenance of a tight vascular smooth muscle
coherence - in myometrial spiral arteries of the one
non-invaded post-15 weeks specimen in the previ-
ously quoted study [11].

Because of the disorganization of the vascular
smooth muscle and subsequent vasodilatation,
decidua-associated vascular remodeling may enhance
blood flow to the implantation site. Doppler studies at
the time of embryo replacement after IVF revealed an
increased vascularity of the endometrium in concep-
tion cycles [28], which may result from angiogenic
processes associated with early decidua-associated
remodeling. It is not yet known to what degree defects
in early endometrial and junctional zone vascularity
are responsible for pregnancy complications.
Disturbances in uterine arterial blood flow have been
demonstrated as early as the twelfth week [29]. A
marked increase in uteroplacental oxygenation has
been observed after 12 weeks in normal pregnancies
[30], i.e. before the onset of the alleged second wave of
endovascular trophoblast invasion into the inner
(junctional zone) myometrium. The question as to
what comes first, increased blood flow or trophoblast
invasion, has not yet been fully resolved. The most
favored scenario still is that by their invasive action,
trophoblasts open up the vessels, destroy the vascular
smooth muscle, and transform the arteries into per-
manently dilated tubes, thus increasing maternal
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blood flow to the placenta. Taking a different point of
view, one might envisage that, besides the invasion of
the spiral arteries, the steroid-controlled rise in blood
supply to the pregnant uterus also has to be taken into
account [31]. Hemodynamics may indeed be a real,
albeit imperfectly understood, factor directing troph-
oblast migration [32]. It is not unlikely that an inad-
equate rise in uteroplacental blood flow, which may
result from various disturbances, is the real cause of
failed trophoblast invasion and spiral artery remodel-
ing in preeclampsia (Chapter 11).

Preeclampsia as a failure in the

maternal-fetal dialogue

In the past the placental bed was frequently compared
with a battle-field where invading trophoblasts are
countered by a defense line of maternal decidua [33]
(Chapter 16). This possible scenario appealed to many
investigators who were looking for possible causes of
the uniquely human disease preeclampsia, fueling the
idea that the mother fights back against the threat of
deeply invading trophoblast. It was silently assumed
that deep trophoblast invasion was an exclusive feature
of human pregnancy, and that there was no
need to consider a maternal ‘rejection’ in other primate
species which undergo only shallow invasion. However,
a recent study of specimens from historical tissue col-
lections revealed that deep invasion does occur in chim-
panzees, and also in gorillas (Chapter 12). Interestingly,
for both species case reports of suspected (pre-)
eclampsia have been published [34,35,36]. Of course
most pregnancies do not become preeclamptic, so that
as a rule deep trophoblast invasion is well tolerated,
without any ensuing ‘battle’.

We have previously argued that a completely dif-
ferent concept of interaction may better reflect the
reality, namely a concept of a mutual maternal-fetal
support or ‘dialogue’ between uterus and trophoblast,
as a result of an intricate coevolutionary process [37].
Although coevolution usually occurs at the level of
interspecies interactions, the process is obviously also
applicable to interactions between males and females,
or between mothers and their offspring [38]. This
could be considered as a ‘Red Queen’ scenario, in
which both runners (mother and fetus) have to
move as fast as possible in order to keep themselves
‘at the same place’. Such stepwise coevolution
between increasing trophoblast invasion and uterine
adaptive (decidual) changes may have resulted in a

progressively deeper invasion in the course of our
evolution, thus setting a compromise in the inherent
conflict between fetal nutrient requirements and
maternal self-protection. Both partners then reap
the benefit of optimizing their reproductive chances
[39] (Chapter 16).

At this point we have to ask which benefits may
be gained from the deeper trophoblast invasion and
the associated deep vascular remodeling. At first
sight there is no reason to consider the placenta of
a baboon, which shows limited trophoblast inva-
sion, to be less efficient than the human placenta.
One possibility is that deep invasion may compen-
sate for possible vascular disturbances due to our
upright position [40]. Indeed, it has been reasoned
that bipedalism may carry a risk of compressing the
vena cava which may compromise uteroplacental
blood flow. Since chimpanzees, which are basically
knuckle-walkers, also show deep trophoblast inva-
sion (Chapter 12), the upright position of the human
has probably not been a major factor in the evolu-
tion of deep placentation. Another popular idea is
that deep placentation provides a better support for
a more extensive fetal brain development, and for
that reason deep placentation used to be considered
as being unique to humans. Also chimpanzee fetuses
show considerable brain development [41] and this
might also be related to their deep placentation. A
possible link between fetal brain development, deep
trophoblast invasion, and preeclampsia has been
suggested [42]. Indeed, the extended reciprocal
exposure of maternal and fetal cells must carry an
increased risk for pregnancy complications such as
preeclampsia due to the inevitable discordancies -
genetic or other — between mother and fetus. It has
even been proposed that accelerated fetal brain
development in Neanderthalers, who had larger
brains than the present Homo sapiens, must have
been associated with more extensive trophoblast
invasion and an associated higher risk of preeclamp-
sia, contributing to their extinction [43]. More data
are required, however, to support the proposed link
between deep trophoblast invasion and increased
fetal brain development, but also between deep inva-
sion and placental efficiency. Following all these
considerations, babies born after preeclamptic preg-
nancies must have been deprived of the benefits
associated with deep placentation, and especially
the long-term consequences of the disease should
be a matter of concern.
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Conclusion: defective remodeling as
a disturbed partnership

This chapter provides a general overview of the two
major components of pregnancy-associated spiral
artery remodeling, the maternal (decidual) and the
fetal (trophoblastic). A full understanding of the vas-
cular remodeling process necessitates detailed knowl-
edge of the fate of each arterial component. Based
upon observations in early pregnancy specimens, we
distinguished four major steps in arterial remodeling:
(1) decidua-associated remodeling; (2) the intralumi-
nal phase of trophoblast invasion; (3) intramural
trophoblast incorporation (trophoblast-associated
remodeling); and (4) a partial maternal repair [44].

Defects in each step may interfere with vascular
remodeling and be associated with the whole spectrum
of pregnancy complications. So far, most attention has
been paid to the enigmatic disease preeclampsia,
which is no longer considered as one specific disease,
but rather as a syndrome which may have several
underlying causes. The fact that different interfering
steps may lead to failed spiral artery remodeling can be
an additional reason for this multicausality. There is
now general agreement that maternal constitutional
factors play a role in the development of the pre-
eclamptic syndrome [45]. Although such factors are
usually considered in the light of the symptomatic
‘second stage’ of the disease, they might also have an
impact on early remodeling steps in spiral arteries. It is
known for instance that decidualization is impaired in
diabetic rats [46] and diabetic NOD mice show under-
development of decidual spiral arteries [47]. It is not
yet known whether in diabetic women the decidua-
associated remodeling may be disturbed, but diabetes
is a well-known risk factor for preeclampsia [48].
Other maternal physiological maladaptations to preg-
nancy such as a failure in plasma volume expansion or
a failure in the redirection of maternal blood flow to
the expanding uterus might have a direct negative
effect on intraluminal trophoblast migration. Similar
considerations may apply to other health issues,
including fertility problems which may be due to a
suboptimal uterine preparation for implantation and
placental development, and which may contribute to
poor pregnancy outcome after assisted reproduction
(Chapter 20).

In order to unravel the possible causes of defec-
tive spiral artery remodeling it will be necessary to
focus on early pregnancy, where the key of failed

invasion and/or associated or preceding vascular
defects has to be found. The big problem remains
the impossibility of acquiring relevant study mate-
rial of early placentation stages in ongoing pregnan-
cies, and this problem is not likely to be solved in the
foreseeable future.
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Introduction

The maternal response to an implanting embryo is
arguably the single most important factor in deter-
mining pregnancy outcome. This maternal response
is termed decidualization, a process that occurs in all
species where implantation involves breaching of the
luminal endometrial epithelium [1]. Decidualization
denotes pregnancy-associated remodeling of the
endometrial stromal compartment, which is charac-
terized by transient local edema, an abundance of
macrophages and specialized uterine natural killer
(uNK) cells, angiogenesis, and the extraordinary
transformation of resident endometrial stromal
fibroblasts into secretory, epithelioid decidual cells.
From a functional perspective, the decidual process
establishes maternal immunological tolerance to fetal
antigens, protects the conceptus against environmen-
tal insults, and ensures tissue integrity and hemo-
stasis during the process of trophoblast invasion
and placenta formation [1]. Thus, perturbations in
the decidual process inevitably result, depending on
severity, in either implantation failure or impaired
placental function.

Different evolutionary strategies have emerged to
ensure reproductive success. For instance, many
mammals display delayed implantation, also termed
‘embryonic diapause’, which is characterized by a
temporary suspension of embryo development prior
to implantation. Embryonic diapause can either be
induced in response to environmental signals (facul-
tative diapause) or occur in every gestation (obligate
diapause) and is reversed when optimal environ-
mental, metabolic, and hormonal conditions are
achieved [2]. Activation of dormant blastocysts in
the mouse uterus, for example, is dependent upon
a rise in estrogen levels, which in turn synchronizes
the multiple implantation events in this species [3].
Implantation in humans differs in several key aspects.
First, there is no evidence of uncoupling of pre- and
postimplantation development in human embryos.

Uterine vascular environment
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Second, human beings, unlike most species, must
deal with a high incidence of embryonic aneuploidies.
Finally, multiple implantations are relatively rare and
the invasive potential of the human embryo is high.
To deal with these ‘unique’ reproductive features, a
number of adaptive responses must have evolved in
human beings, one of which may well have been the
emergence of ‘spontaneous’ cyclic decidualization of
the endometrium. Once the decidual process is ini-
tiated, no additional implantation events can occur.
In most mammals decidualization is triggered by
signals from the implanting embryo(s) but in
human beings this process is under maternal control
and initiated around day 23 of each cycle (Fig. 5.1)
[4]. Thus, ‘spontaneous’ decidualization of the
human endometrium during the luteal phase of the
cycle restricts the ‘window of endometrial receptivity’
during which an embryo can implant, which in turn
may serve as an important selection mechanism that
favors implantation of developmentally competent
embryos and limits the likelihood of abnormal preg-
nancies. In support of this conjecture, Wilcox et al.
demonstrated that late implantation beyond day 23 of
a 28-day cycle, which presumably reflects impaired
decidualization and a prolonged implantation win-
dow, is associated with an exponential increase in
early pregnancy loss [5].

The process of endometrial decidualization is
thus a key event with direct relevance to very early
pregnancy as well as subsequent pregnancy out-
come. Although decidualization encompasses all
aspects of endometrial preparation for pregnancy,
including the dramatic changes in local immune
cells and vascular remodeling, this chapter first
reviews our current understanding of the signals
and pathways that control the morphological and
biochemical differentiation of resident endometrial
fibroblasts into secretory decidual cells, after which
the functions of these cells at the feto-maternal
interface are discussed.
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Phase: menstrual

proliferative
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Fig. 5.1 Cyclic decidualization of the
endometrial stromal compartment
during the menstrual cycle. (A) The
postovulatory rise in progesterone levels

Day:

Morphological and biochemical
differentiation

Recent studies have shown that adult somatic cells can
be reprogrammed to pluripotent stem cells by trans-
duction of merely four factors: OCT3/4, SOX2, KLF4,
and ¢-MYC [6]. Interestingly, manual mining of
microarray data shows that differentiation of endome-
trial fibroblasts into decidualizing cells is associated
with enhanced expression of three of these factors
(Fig. 5.2) [7]. Not surprisingly, the decidual cell phe-
notype is not only complex but also dynamic. In their
undifferentiated form, endometrial stromal cells have
a spindle-shaped fibroblastic appearance. Progressive
enlargement and rounding of the nucleus, cytoplasmic
accumulation of glycogen and lipid droplets, and
expansion of the Golgi complex and rough endoplas-
mic reticulum underpin the transformation of endo-
metrial fibroblasts into decidual cells with a secretory,
epithelioid-like phenotype [1]. Multiple projections
appear on the cell surface, which extend into the extra-
cellular matrix or indent adjacent cells. Decidualizing
cells produce an abundance of extracellular matrix
proteins, including laminin, type IV collagen, fibro-
nectin, and heparan sulfate proteoglycan [8,9]. The
abundantly secreted laminin and collagen IV are pre-
cipitated into a basement membrane-like pericellular
material, which is not wunlike ‘real’ basement

initiates endometrial differentiation in
preparation for pregnancy. (B) As is the case
in other menstruating species, the human
endometrium exhibits spontaneous
decidualization during the late secretory
phase of the cycle, a process initiated
around the terminal spiral arteries (¥) and
characterized by epithelioid transformation
of stromal fibroblasts (arrowheads). (C) The
decidual process continues to evolve and
in pregnancy encompasses the entire
stromal compartment. See plate section
for color version.

mRNA levels
(fold induction upon decidualization)
w

Sox2 KIf4 C-Myc

Fig. 5.2 Decidualization of human endometrial stromal cells is
associated with induction of transcriptional mediators of
cellular pluripotency. Primary human endometrial stromal cells
were decidualized in culture for 3 days. Total mRNA was subjected to
genome-wide expression profiling. Manual mining of the microarray
data revealed that endometrial cells express higher levels of Oct3/4,
Kfl4, and c-Myc transcripts upon differentiation into decidual cells.
The data represent fold induction (+ standard deviation) of
normalized mRNA signal intensities, relative to expression levels in
undifferentiated cells (dotted line), of three independent cultures.

membranes secreted by epithelia. Decidualization is
also characterized by a dramatic increase in filamen-
tous actin polymerization and stress fiber formation
(Fig. 5.3) and loss of phosphorylation of the regulatory
light chain of myosin 2 (MLC2), which in turn
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o Secretory phenotype

Decidualized

Undifferentiated

0 Embryo selection

o Hemostasis

0 Immunomodulation

0 Oxidative stress defenses

0 Control of trophoblast

Fig. 5.3 Morphological changes and functional reprogramming upon decidualization. (A) Cytoskeletal organization and stress fiber
formation. Phalloidin staining (red) of filamentous-actin in undifferentiated endometrial stromal cells (left panel) and cells decidualized in
culture for 72 hours (right panel). (B) In concert, endometrial stromal cells acquire unique functions essential for pregnancy. See plate section

for color version.

accounts for the marked reduction in cell motility
[10]. In conjunction, expression of desmin, a-smooth
muscle actin, and vimentin points towards the
acquisition of a more contractile myofibroblastic
phenotype [11].

Gene profiling studies have been instrumental
in delineating the extent and magnitude of cellular
reprogramming associated with decidualization. Using
a genome-wide array approach, Takano et al. reported
that treatment of primary endometrial stromal cell
cultures with a decidualizing stimulus for only 3 days
is sufficient to significantly alter the expression of
3307 genes [7]. In this study, more genes were down-
regulated (60%) than upregulated (40%) upon decid-
ual transformation. Based on this and other gene
profiling studies, decidualization can be described
as a process of sequential reprogramming of func-
tionally related families of genes involved in cell
adhesion, signal transduction, stress responses, extra-
cellular matrix reorganization, cytoskeletal organiza-
tion, metabolism, cell cycle progression, apoptosis,
and differentiation [7,10,12].

The acquisition of a secretory phenotype by endo-
metrial stromal cells is associated with the expression
of a myriad of genes (e.g. SOD2, GADD45A, MAOB,
SSP1, CLU, and FOXO1) that are first either consti-
tutively expressed in endometrial epithelial cells or
induced in this cellular compartment upon ovulation
[7]. Major secretory products of decidualized stromal
cells, such as prolactin (PRL) and insulin-like growth
factor binding protein-1 (IGFBP-1), have traditionally
been used as markers of the differentiated cellular state

[13,14]. Intriguingly, expression of PRL by differenti-
ating endometrial cells, which requires transcriptional
activation of an alternative promoter located 6 kilo-
bases upstream of the pituitary transcription initiation
site, has been shown to be a recent evolutionary inno-
vation linked to the emergence of eutherian (placental)
mammals that are capable of prolonged internal ges-
tation [15]. Differentiating endometrial stromal cells
also secrete a variety of factors, such as macrophage
inflammatory protein-1p, interleukin (IL)-11, and
IL-15, which are thought to provide chemotactic and
activating signals for uNK cells [16,17]. Other major
secretory products of decidual cells include Lefty-A, a
novel member of the TGF-B superfamily originally
identified as an endometrial bleeding-associated factor
(Ebaf), Wnt4, and glutathione peroxidase 3, a secreted
enzyme with potent extracellular antioxidant activity
capable of reducing hydrogen peroxide and a broad
range of fatty acid- and phospholipid-hydroperoxides
[7,18,19].

Mechanism of decidualization

Decidual transformation of endometrial stromal cells
can be faithfully recapitulated in culture and these
in vitro studies have yielded invaluable insights into
the signal pathways and downstream transcription fac-
tors that govern this differentiation process [7,9,12].
Contrary to what is often stated, progesterone is not
the primary trigger of the decidual process. In vivo,
decidual transformation is first apparent approxi-
mately 9 days after the postovulatory rise in
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circulating progesterone levels (see Fig. 5.1), further
indicating that the expression of decidua-specific
genes is not under direct transcriptional control of
activated progesterone receptor (PR). It is now well
established that initiation of the decidual process is
dependent upon increased levels of the second mes-
senger cyclic adenosine monophosphate (cAMP) and
sustained activation of the protein kinase A (PKA)
pathway [14]. Although exposure of primary cultures
to progesterone, alone or in combination with estra-
diol, for 8-10 days will trigger expression of decidual
markers, this response is mediated by a gradual
increase in intracellular cAMP levels and abrogated
in the presence of PKA inhibitor [20].

Cyclic AMP is a ubiquitous second messenger
molecule that is generated from ATP by adenylate
cyclase. This enzyme is activated upon binding of
ligand to members of the family of G-protein-coupled
receptors (GPCRs), which are coupled to a stimulatory
heterotrimeric guanine nucleotide-binding protein
(G-protein). Adenylate cyclase activity in the human
endometrium increases during the menstrual cycle
and the cAMP content in biopsies obtained from
patients during the secretory phase is higher than
that in the proliferative phase [21]. During the secre-
tory phase of the cycle, local factors are produced
capable of increasing cAMP levels in stromal cells,
including relaxin, corticotropin-releasing hormone
and prostaglandin E, [22,23,24]. The intracellular
level of cAMP is determined not only by its production
but also by its degradation. Members of the large
family of phosphodiesterases (PDEs) convert cAMP
to AMP, which no longer stimulates PKA activity. PDE4
and PDES are the principal PDE isoforms in endome-
trial stromal cells and inhibition of PDE4 is sufficient to
induce expression of decidual markers [25]. Thus, sus-
tained increase in cellular cAMP observed in decidua-
lizing endometrium may, at least in part, be due to
inhibition of PDE activity.

Although undifferentiated endometrial fibroblasts
abundantly express PR, elevated cAMP levels are
essential to sensitize these cells to progesterone.
Convergence of cAMP and progesterone signaling is
complex and appears to occur at multiple levels. First,
cAMP activation of the PKA pathway has been shown
to disrupt the interaction of PR with corepressors,
such as nuclear receptor corepressor (NCoR) and
silencing mediator for retinoid and thyroid hormone
(SMRT), thereby facilitating recruitment of steroid
receptor coactivators [26]. Second, cAMP induces the

expression or activation of several transcription fac-
tors, including FOXO1, STAT5 (signal transducers
and activators of transcription 5), and C/EBPJ
CCAAT/enhancer-binding protein f, capable of inter-
acting directly with PR [27,28]. This has led to the
hypothesis that PR, and more specifically PR-A,
may serve as a platform in endometrial cells for the
formation of multimeric transcriptional complexes
that regulate the expression of decidua-specific genes.
Thus, by hijacking decidua-specific transcription fac-
tors, the liganded PR acquires transcriptional control
over many more genes than would be predicted on the
basis of consensus PR response elements in their pro-
moter regions.

Another important mechanism whereby cAMP
signaling sensitizes endometrial fibroblasts to proges-
terone involves downregulation of protein inhibitor of
activated STAT 1 (PIAS1), the E3 SUMO ligase for PR
[29]. SUMO (small ubiquitin-like modifier) proteins
(SUMO-1, -2, -3, and -4) are posttranslational modi-
fiers whose dynamic and reversible attachment to
other proteins proceeds through a sequence of enzy-
matically directed steps. Sumoylation profoundly
modulates the function of many diverse target pro-
teins, by altering protein stability, protein-protein
interactions, and cellular localization, and generally
bestows repressive properties onto transcription fac-
tors [30]. In undifferentiated endometrial cells, PR is
rapidly modified by covalent attachment of SUMO-1
upon hormone binding. Loss of PIAS1 expression
upon decidualization greatly reduces this enzymatic
modification of PR, resulting in much enhanced
trans-activation potential of the receptor [29].

PIASI is also responsible for SUMO modification
of other steroid receptors expressed in endometrial
stromal cells, including the androgen receptor (AR)
[10]. Consequently, decidualization is also character-
ized by increased cellular sensitivity to androgen sig-
naling. In fact, there is an important but often
overlooked role for androgens in establishing a func-
tional decidua in early pregnancy. Serum androgen
levels fluctuate throughout the menstrual cycle, with
levels peaking around ovulation [31]. However, tissue
androgen levels and conversion of androstenedione to
testosterone are higher in secretory than proliferative
endometrium [32]. Moreover, a rise in circulating
androgen levels in the late luteal phase is associated
with a conception cycle and levels continue to rise
in early pregnancy [33]. By combining small interfe-
ring RNA technology with genome-wide expression
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profiling, we recently found that AR and PR regulate
the expression of distinct decidual gene networks.
Although the number of decidual genes under AR
control was relatively small (~ 100), they were func-
tionally indispensable for differentiation-dependent
stress fiber formation, exocytosis, and cell cycle inhi-
bition [10]. In comparison, PR depletion perturbed
the expression of 10 times more genes, underscoring
the importance of this nuclear receptor in regulating
diverse cellular functions. However, several PR-
dependent genes encode for signaling intermediates
and knockdown of PR abolished activation of
WNT/p-catenin, TGFB/SMAD, and STAT pathways
in decidualizing cells. Thus, PR regulates endometrial
stromal cell differentiation, at least in part, by
re-programming the cellular responses to growth
factor and cytokine signal transduction.

At first glance decidualization may appear rather
straightforward, requiring only enhanced cAMP sig-
naling to sensitize endometrial fibroblasts to steroid
hormones. It is in fact a constantly evolving differ-
entiation process that entails activation and inhibition
of a myriad of signal transduction pathways. Once
initiated, decidualizing endometrial cells secrete
various factors, including IL-11, IL-15, activin A, soma-
tostatin, ghrelin, PRL, IGFBP-1, and sphingosine-1-
phosphate, capable of amplifying and modifying the
differentiated phenotype in an autocrine or paracrine
fashion [16,34]. For example, decidual PRL is thought to
be important in inhibiting 20a-hydroxysteroid
dehydrogenase expression, an enzyme that catabolizes
progesterone [35]. Another example is the ability of
IGFBP-1 to enhance the decidual response, which is
thought to involve binding of this protein to a5p1
integrin on the surface of endometrial stromal cells [36].

In vivo, numerous additional paracrine signals
derived from local immune cells and interacting
invading trophoblast will further modify decidual
cell function in a dynamic fashion. The cellular
tyrosine kinase c-Src has emerged as a possible
focal point for the integration of various cytokine,
growth factor, and steroid hormone signals in
decidual cells. c-Src belongs to the Src family of
protein tyrosine kinases (SFKs), which are probably
best known for their roles downstream of integrin
adhesion receptors. SFKs are necessary for the gen-
eration of ‘outside-in signals’ that regulate cytoske-
letal organization, cell motility, and gene expression
in response to cell adhesion. Decidualization is asso-
ciated with strong c-Src activation, which in turn is

an upstream regulator of several critical signal
transduction cascades, including the mitogen-
activated protein kinase (MAPK), phosphatidylino-
sitol 3-kinase (PI3K), and STAT pathways [37]. Not
surprisingly, the decidual response is greatly impaired
in ¢-Src null mice [38].

Decidualization and vascular
remodeling

Morphologically, decidualization is first apparent in
stromal cells underlying the surface epithelium and
surrounding the terminal spiral arteries during the
mid to late luteal phase of the cycle [4]. At this stage,
the spiral arteries are already being remodeled in prep-
aration of pregnancy; a process characterized by endo-
thelial swelling, vacuolation, and disorganization of
the smooth muscle media. Decidual cells form a typi-
cal cuff around these vessels and ensure tissue hemo-
stasis prior to and during endovascular trophoblast
invasion through several mechanisms. For example,
decidualizing endometrial stromal cells highly express
tissue factor (TF), a membrane-anchored glycoprotein
that serves as a receptor for coagulation factor VII/
VIIa. TF triggers activation of the extrinsic coagula-
tion pathway leading to the production of fibrin in a
spatially and temporally controlled manner. The
hemostatic functions of decidual cells are further
enhanced by the concurrent induction of the fibrinol-
ysis inhibitor plasminogen activator type 1 [39].
During the luteal phase, the endometrial stroma
becomes dynamically populated with a wide variety
of innate immune cells, including macrophages,
uNK cells, and specialized uterine dendritic cells
(uDCs) [40]. These immune cells are tolerogenic
towards the invading semi-allogenic trophoblast, or
allogenic in the case of recipients of donated oocytes,
and have emerged as key regulators of angiogenesis in
the decidua. Particularly, uNK cells, which reportedly
make up 40% of cells in the decidua of pregnancy, are
a rich source of angiogenic factors, endothelial cell
mitogens, and various chemokines; key factors that
coordinate trophoblast invasion with the vascular
remodeling of the spiral arteries [41]. As mentioned,
decidualizing stromal cells highly express IL-15
(Cloke, Fusi & Brosens, unpublished data), which is
the primary trigger that converts inert endometrial
NK cells into specialized tolerogenic cells capable
of producing angiogenic growth factors. Moreover
the expression levels of IL-15 transcripts, as well
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as the abundance of uNK cells, correlate with the sub-
endometrial vascular flow during the luteal phase of
the cycle [42].

A recent study has highlighted the critical role of
uDCs in establishing a functional maternal-fetal
interface [43]. In a transgenic mouse model, deple-
tion of uDCs resulted in failure of decidualization,
impaired implantation, and embryonic resorption.
Interestingly, uDC ablation resulted in loss of both
allogenic and syngenic pregnancies, indicating that
the underlying mechanism did not involve an immu-
nological response. Instead pregnancy loss was due to
a delayed maternal angiogenic response, increased
vascular permeability, and inhibited blood vessel
maturation.

Decidualization and
immunotolerance

Pregnancy involves complex immune regulation, nec-
essary to prevent cytotoxic T cells from responding
to fetal antigens, while simultaneously ensuring
strong innate immunity at the maternal-fetal interface.
Decidualizing stromal cells play an important role in
local immunomodulation in more than one way. As
mentioned, the postovulatory rise in progesterone levels
induces expression of macrophage inflammatory
protein-1p and interleukin-15 by differentiating endo-
metrial stromal cells, which in turn provide the che-
motactic and activating signals for uNK cells [44].
Gene expression studies of human uNK cells reported
high expression of immunomodulatory molecules
such as galectin-1 and glycodelin A [41]. Galectin-1
is known to inhibit T cell proliferation and survival
and attenuates expression of proinflammatory cyto-
kines by activated T cells [45]. Similarly, glycodelin A
(also termed placental protein 14) potently inhibits T
cell activation through its ability to interact with the
tyrosine phosphatase receptor CD45 on the T cell sur-
face [46]. The decidua, like syncytiotrophoblast, also
expresses the tryptophan-catabolizing enzyme indole-
amine 2,3-dioxygenase (IDO) [47]. Tryptophan is an
essential amino acid required for cell proliferation.
Studies in mice revealed an essential role for IDO in
pregnancy [48]. Treatment of mothers with an IDO
inhibitor, 1-methyl-tryptophan, induces extensive
inflammation, massive complement deposition, and
hemorrhagic necrosis at the feto-maternal interface,
resulting in the resorption of semi-allogenic fetuses
[49]. However, no inflammatory reaction is observed
when syngenic mothers are given the IDO inhibitor

and the pregnancy is not lost. These data strongly
suggest that IDO activity protects the fetus by sup-
pressing T cell-dependent inflammatory responses to
fetal alloantigens.

Decidual cells display a variety of additional fea-
tures that further suggest a key role for these cells
in suppressing T cell-mediated cytotoxicity in preg-
nancy. For example, they highly express Fas ligand, a
member of the tumor necrosis factor (TNF) super-
family that serves as a key death factor for activated
T cells. However, decidual cells also express Fas,
alternatively termed CD95 or APO-1, the cognate
cell surface receptor for Fas ligand and a member
of the TNF/nerve growth factor (NGF) receptor
family [50]. Fas-induced cell death is, however,
tightly controlled by various cytoplasmic regulators,
amongst which is c¢-FLIP, a procaspase-8-like
protease-deficient protein and potent inhibitor of
death receptor-mediated apoptosis. In addition to
Fas ligand and Fas, decidual cells abundantly express
c-FLIP, which may serve to prevent autoactivation of
the death receptor signaling pathway [51]. Another
characteristic of endometrial stromal cell differentia-
tion is the strong induction of HSDI11BI expression
(105-fold), which encodes for 11p-hydroxysteroid
dehydrogenase type 1 (113-HSD1) [7]. This enzyme
operates predominantly as a reductase that converts
inactive cortisone into active cortisol. In contrast,
11p-HSD2, which inactivates cortisol, localizes pre-
dominantly to placental syncytiotrophoblast [52].
The distinct expression pattern of these two isoen-
zymes suggests the presence of a cortisol gradient at
the feto-maternal interface, which could constitute
a major mechanism that protects the fetal allograft
against a potential maternal immune response.
Finally, like extravillous trophoblast, decidual stro-
mal cells reportedly also express human leukocyte
antigen G, an atypical non-polymorphic antigen sug-
gested to reduce the potential cytotoxicity of mater-
nal T lymphocytes and uNK cells [53].

Decidualization and cellular
resistance

Decidualization is a rather paradoxical process. On
the one hand, decidualizing stromal cells abundantly
express various proapoptotic factors and are pro-
grammed to self-destruct upon falling progesterone
levels, which plays an integral role in cyclic menstru-
ation. On the other hand, this differentiation process is
also characterized by strong resistance to cell death in
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response to oxidative or inflammatory insults [51].
Pregnancy has been described as a hyperinflammatory
process and the ability of decidualizing endometrial
cells to cope with proinflammatory and oxidative
stress signals is key to safeguarding the integrity of
the feto-maternal interface during the process of deep
trophoblast invasion.

Major fluctuations in oxygen concentrations occur
at the feto-maternal interface during normal preg-
nancy as a consequence of the profound vascular
adaptations in the first trimester of pregnancy [54].
These changes in oxygen tension at the uteroplacental
interface generate intracellular reactive oxygen species
(ROS). In the absence of effective defense mechanisms,
ROS, including superoxide anion, hydrogen peroxide,
and hydroxyl radicals, cause indiscriminate damage to
proteins, lipids, and nucleic acids. To counteract oxi-
dative stress, cells constitutively express enzymes that
neutralize ROS, which repair and replace the damage
caused by ROS [55]. In addition, cells can also mount
an ‘adaptive response’ to elevated levels of oxidative
stress, such as increased expression of antioxidant
enzymes, including glutathione S-transferases, perox-
idases, and superoxide dismutases, and activation of
protective and repair genes, such as heat shock pro-
teins and GADD45a (growth arrest- and DNA
damage-inducible protein a of 45kDa), respectively
[56]. Depending on the level of oxidative stress expe-
rienced, cells will either undergo transient cell cycle
arrest and repair, senescence, apoptosis, or ultimately
necrosis [57].

A variety of intracellular and extracellular free
radical scavengers, such as superoxide dismutase 2,
peroxiredoxin 2, thioredoxin, glutaredoxin and glu-
tathione peroxidase 3, are induced upon decidualiza-
tion [51,58]. In addition to increased scavenging
capacity, other mechanisms are important for resis-
tance to oxidative cell death upon decidualization.
Exposure of undifferentiated endometrial cells to
ROS triggers sustained activation of stress-dependent
MAPK signaling pathways, more specifically the Jun
N-terminal kinase (JNK) pathway, which in turn
induces the expression and nuclear accumulation
of FOXO3a, a member of the FOXO subfamily of
Forkhead transcription factors [51]. Under condi-
tions of cellular stress, FOXO3a activation in undif-
ferentiated endometrial cells triggers the expression
of pro-apoptotic target genes, such as BIM. In decidu-
alizing cells, however, JNK activation in response
to ROS is firmly silenced and FOXO3a is no longer

induced, thereby disabling the apoptotic machinery
responsible for oxidative cell death in undifferentiated
endometrial stromal cells [51]. Decidualized cells also
show a reduced activation of the p38 MAPK in response
to proinflammatory cytokines, such as IL-1p [59].

The tumor suppressor protein p53 plays a funda-
mental role in protecting the genome from genotoxic
insults. Wild-type p53 is massively upregulated upon
cAMP-induced decidualization of endometrial stro-
mal cells in culture [60]. Nuclear accumulation of
p53 in the endometrial stromal cell compartment is
also apparent in vivo during the secretory phase of the
cycle. In most normal cells, it is present at very low
levels because it is subject to rapid proteasomal degra-
dation under physiological circumstances. In response
to stress and DNA damage, the protein is stabilized
and rapidly accumulates in the nucleus where it ini-
tiates events leading to cell cycle arrest and DNA repair
or apoptosis, thus eliminating genotypically aberrant
cells from the organism [61]. In addition to activating
transcription of immediate target genes, p53 also
exerts its functions by engaging in protein—protein
interactions and suppression of transcription of a dif-
ferent set of target genes. Accumulation of p53 in the
nuclei of decidualizing endometrial stromal cells is due
to protein stabilization, as p53 mRNA levels remain
unchanged. The presence of p53 is tightly linked to the
decidualized status of the cells. Upon withdrawal of the
decidualizing stimulus, stromal cells de-differentiate
morphologically and lose expression of decidual PRL
and IGFBP-1 along with the disappearance of p53
protein [60].

The role of p53 in the decidual process warrants
further investigations. However, GADD45q, a puta-
tive p53 target gene, is also highly expressed in
secretory phase endometrium [51]. GADD45 pro-
teins are multifaceted factors implicated in the reg-
ulation of diverse stress responses, including cell
cycle arrest at G2/M, chromatin remodeling, nucleo-
tide excision repair, and apoptosis. They are pre-
sumed to serve as gatekeepers capable of killing
cells unable to repair damaged DNA [62]. In addi-
tion to cytoprotection, another potential role of p53
and GADD45a in this system might be to halt pro-
liferation and facilitate differentiation of the stromal
compartment. Moreover, p53 and GADD45a could
also play a role in safeguarding the genomic stability
of endometrial cells during the cyclic process of
rapid proliferation, differentiation, menstrual shed-
ding, and regeneration.
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Decidualization: clinical perspectives

The emergence in human beings of a cyclic decidual
process has several major clinical implications; the
most obvious of which is menstruation and its asso-
ciated disorders. Menstruation, defined as shedding of
the superficial endometrial layer in response to falling
progesterone levels accompanied by overt bleeding,
is a rare biological phenomenon found only in
certain simian primates (Old World monkeys, apes,
and humans), some bat species, such as wild fulvous
fruit bats, and perhaps the elephant shrew. The unify-
ing feature of the endometrium of menstruating
species, including bats, is cyclic decidualization inde-
pendent of pregnancy. All menstruating species also
possess hemochorial placentae. Compared to most of
our primate relatives, menstruation in humans is not
only extraordinarily heavy but placentation is also
exceptionally deep, with trophoblast invading not
only the decidual endometrium but also the inner
third of the myometrium, termed the uterine junc-
tional zone, and its spiral arteries [63].

In addition to decidualizing stromal cells, all other
cellular components in the superficial endometrial
layer take part in menstrual shedding. Perhaps the
first histological sign of impending endometrial break-
down is uNK cell apoptosis. As uNK cells do not
express progesterone receptors (PR), cell death is likely
a consequence of paracrine signals derived from
PR-positive stromal cells [64]. Upon progesterone
withdrawal, differentiated stromal cells also produce
the chemokines and inflammatory mediators, such
as IL-8, that trigger local infiltration of the endome-
trium by macrophages and other inflammatory cells.
Approximately 2 days before the onset of menstrua-
tion, endometrial epithelial cells show a high degree of
apoptosis, a low proliferative index, and loss of PR
expression [65]. In contrast, stromal cell apoptosis is
a later event, characterized by translocation of cyto-
plasmic FOXOL1 to the nucleus, and induction and
activation of proapoptotic BH3-only proteins, such
as Bim [51]. Cell death in the endometrial stromal
compartment is not pronounced but even limited
apoptosis of decidualized cells surrounding the termi-
nal spiral arteries may trigger focal interstitial hemor-
rhage. Ultimately, the shedding of endometrial tissue
requires local and controlled degradation of the extra-
cellular matrix, which in turn is dependent upon expres-
sion of matrix metalloproteinases (MMPs), secreted
predominantly by differentiated stromal cells upon pro-
gesterone withdrawal [65].

Menstruation could be viewed as a rather unfortu-
nate by-product of the process of extensive endome-
trial remodeling necessary to prepare uterine tissues
for deep hemochorial placentation. However, the
‘menstrual preconditioning hypothesis’ recently chal-
lenged this view [66]. The term ‘preconditioning’
refers to the paradoxical yet ubiquitous biological
phenomenon that a brief exposure to a harmful stim-
ulus at a dose below the threshold for tissue injury
provides robust protection against, or tolerance to, the
injurious effects of a subsequent more severe insult.
Analogously, the menstrual preconditioning hypoth-
esis infers that modest cycle inflammation and oxi-
dative stress associated with decidualization and
menstruation may protect uterine tissues against the
hyperinflammation associated with deep placentation.
While speculative, this hypothesis fits well with the
observation that disorders associated with impaired
deep placentation, such as preeclampsia, are more
prevalent and severe in very young women, especially
in the first pregnancy [67].

In view of their specialized functions, it is rather
surprising that few studies have addressed the role of
decidual stromal cells in pathological pregnancy con-
ditions. Moreover, as endometrial decidualization is
cyclical, biochemical analysis of this differentiation
process prior to conception may yield important cues
for understanding subsequent pregnancy complica-
tions. Instead, several studies have focused on the
uNK cell population during the putative window of
implantation, especially in patients with a history of
recurrent pregnancy loss [68,69]. These studies are
fraught with difficulties. For example, timed endome-
trial samples of parous women are often used as a
control reference but this approach does not take
into account the possible effect of prior pregnancy on
subsequent uNK cell counts. Moreover, analyses have
been largely restricted to quantification of uNK cell
numbers, which may not reflect or correlate with the
function of these cells at the feto-maternal interface.
Only two prospective studies, both very limited in size,
have so far attempted to correlate uNK cell number
in mid-secretory endometrial biopsy samples from
recurrent miscarriage patients with subsequent preg-
nancy outcome [70,71]. The smallest study reported
an association between increased uNK cell density and
subsequent pregnancy loss but this was not confirmed
in the subsequent larger study.

The role of decidual cells extends well beyond early
pregnancy events. It is now also well established that
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common obstetrical disorders associated with imp-
aired placentation, such as preeclampsia and fetal
growth restriction, have their origins very early in
pregnancy. For example, apoptotic responses are
already enhanced in first trimester extravillous troph-
oblasts from pregnancies at risk of developing pre-
eclampsia [72]. Consequently, there is considerable
clinical interest in serum markers, such as placental
protein 13 and circulating anti-angiogenic factors like
soluble fms-like tyrosine kinase and endoglin, that
may reflect impaired placental function during the
first trimester of pregnancy [73,74]. However, there
are as yet no circulating markers for the maternal
decidual response. As the decidualization is character-
ized by secretory transformation of the endometrial
stromal compartment, these markers are likely to exist.
Moreover, identification of such serum markers raises
the possibility of treatment of those women at risk of
pregnancy complications prior to conception.
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Introduction

At the site where the placenta implants there is inter-
mingling of fetal trophoblast cells with maternal tis-
sues [1,2]. This is therefore an important potential site
of maternal-fetal allorecognition. The mucosal lining
of the human uterus is transformed from endome-
trium in the non-pregnant state to the decidua of
pregnancy [3]. Decidua has an unusual composition
of leukocytes and lymphatics are also present [4].
Therefore, there must be mechanisms in place to
avoid any type of immune ‘rejection’. In addition to
the avoidance of any damaging immune responses
there is also the possibility that the decidual immune
system might regulate placentation, in particular, the
extent and depth of trophoblast invasion. It has long
been known that trophoblast invasion proceeds quite
differently when decidua is absent as seen when the
placenta implants over scar tissue from a previous
cesarean section as in an ectopic tubal pregnancy
[5,2]. There is extensive destruction of the myome-
trium and this is never seen normally. Indeed, apart
from the thin rim of Nitabuch’s layer and the fibrinoid
necrosis of the arterial media, there is remarkably little
necrosis around the invading trophoblast cells in the
decidua or myometrium. In addition, in the absence of
decidua, such as when implantation occurs in the
isthmus of the fallopian tube, individual interstitial
trophoblast cells do not fuse to become placental bed
giant cells (unpublished data). Although it is hard to
infer functional capabilities from histological sections,
these trophoblast giant cells are always seen at the
deepest part of the implantation site and therefore
have been considered static. The role of the decidua
in controlling placentation does therefore seem clear
[6]. Because such a conspicuous feature accompanying
decidual change is the influx of large numbers of
uterine natural killer (uNK) cells they have been pro-
posed to provide the correct degree of trophoblast
invasion [7]. Of course, it is not absolutely certain
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Immune cells in the placental bed

whether this controlling influence is exerted by the
decidual tissue itself or specifically by the uNK cells
within the decidua.

NK cells

The presence of mononuclear cells in the lining of the
uterine mucosa has been well documented by histolo-
gists. Indeed, granulated cells were noted in the decidua
long ago and were even then thought to be a type of
lymphoid cell [8,9]: ‘Quoi qu’il en soit, ce qui est indis-
cutable c’est que ce sont des cellules a type lymphoide
propres a la decidua humain (Whatever, what is indis-
putable is that they are lymphoid-type cells specific to
the human decidua)’. These cells were subsequently
also identified in the non-pregnant endometrium and
were variously named as endometrial granulocytes,
Koérnchenzellen, or ‘K’ cells [10], globular leukocytes
[11] and specific endometrial granular cells [12].
Several of the reports noted the apparent hormonal
dependence of endometrial granulocytes and that they
were particularly prominent in the secretory endome-
trium just before menstruation and persisted if decidu-
alization occurred. Unless pregnancy intervenes, they
show degenerative changes in the late secretory phase
with mulberry-shaped nuclei. This appearance led to
their name, endometrial granulocytes, because of the
superficial resemblance to neutrophils. The distribution
of the granulated cells is characteristic. There is a diffuse
scattering of cells throughout the luteal phase stroma but
also a tendency to aggregate around arteries and glands.
In early decidua they amass in the decidua basalis at the
implantation site but are mainly in the superficial decid-
ual layer (decidua compacta) with only a few cells in
the intervening stroma between the dilated glands of the
deeper decidua spongiosa. Unlike in rodents, granulated
cells are also present in decidua parietalis, which covers
the uterine surface away from the site of placentation.
Outside the uterus, endometrial granulocytes have
only been described in areas of ectopic decidualization,
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commonly in the fallopian tube and less often in the
cervix or on the surface of the ovary [10]. Endometrial
granulocytes are absent in the non-decidualized areas
of the fallopian tube in an ectopic pregnancy, yet they
are always present in the uterine decidua in such
pregnancies even though no trophoblast is present in
the uterus. They are also absent from any pathological
conditions of the endometrium associated with excess
estrogen such as endometrial hyperplasia and carci-
noma. These observations all suggest that these cells
are recruited under the hormonal influences of preg-
nancy and not as a response to invading trophoblast.
Once these cells were identified as CD56+ NK cells
[13,14], it was possible to characterize their presence in
the uterine mucosa more reliably. It was confirmed
that the influx of NK cells into the uterine mucosa
precedes decidualization in that the numbers of uNK
cells already begin to increase in the mid-luteal phase
of the non-pregnant endometrium, reaching a peak by
the late secretory phase of the cycle and continuing
until decidualization of pregnancy occurs [15,16]. This
means that the accumulation of uNK cells in decidua is
not related to the onset of pregnancy per se but is part
of the cyclical changes occurring in the uterine
mucosal lining. This temporal progression reinforced

the view that the accumulation of uNK cells is likely
to be under hormonal control, particularly progester-
one, because their increase in numbers mirrors the rise
in levels of this hormone. Interestingly, uNK cells do
not express classical nuclear progesterone receptors so
this hormone must exert its action indirectly, probably
via other cells in the uterus [17,18]. IL-15 secreted
by endometrial stromal cells is thought to have a
major influence on uNK cell proliferation because
stromal cells do express progesterone receptors and
their production of IL-15 is increased by progesterone
[19,20]. Another possible stromal cell product that
could act on NK cells is prolactin whose progesterone
dependence is well described [21].

Uterine NK cells are defined by the high expression
of the surface marker CD56 so they are designated
CD56°*Pe™"8" [27]. No other organs in the body
possess such cells with their distinctive phenotypic
profile (Table 6.1). There is a small population of
CD56"8" NK cells circulating in blood but these are
not identical to those in the uterus in either morphol-
ogy or phenotype [3,23]. The question has arisen as to
how the CD56""¢" NK cells in blood and uterus are
related. There could be CD34+ resident progenitors
but it is difficult to rule out that these cells are

Table 6.1. A comparison of CD56+ NK subsets in peripheral blood and decidua

Marker Decidua CD56°"9" Blood CD56"""9ht
CD9 1 -
D16 - -
CDe9 + _
CD151 + ~
CD160 - _
L-selectin - T+
al integrin 1r _
a6 integrin = o
KIR 1F _
NKG2A + +
CD9%4 At o,
NKG2D + i
NKp46 + 4
Perforin +++ i
Granzyme +++ +

Blood CD56%™

+/—

=

+++

+++
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contaminants from blood [24,25]. Another theory
proposes that blood NK cells infiltrate the uterus
where they proliferate and differentiate in the
hormone-rich uterine mucosal environment. Many
uNK cells do stain for the proliferation marker Ki-67
in the secretory phase as well as in early decidua [26].
Animal studies are in support of such a proposal. It has
been shown that CD56""¢™ NK cells from human
peripheral blood selectively adhere to sections of
mouse uterus in a Stamper-Woodruff assay and that
splenic lymphocytes from pregnant mice can recon-
stitute uNK cells in NK cell-deficient mice [27]. The
endometrium is also induced to express CXC chemo-
kines by ovarian hormones [28]. These observations
indicate that uNK cells might be constantly replen-
ished by blood NK cells or by an NK cell progenitor
from the blood.

The period between implantation and menstrua-
tion (LH 7-14) is critical for the endometrium to
make the critical decision whether to continue the
process of decidualization or to break down and be
shed at menstruation [29,30]. The progesterone con-
centrations parallel this decision and either plummet
or rapidly rise. If pregnancy does not occur, about 2
days before menstruation, nuclear changes appear in
the uNK cells suggesting that they may be dying. The
mechanism causing their death appears to be caspase-
independent, which makes the process atypical of
apoptosis [31,32]. These nuclear changes are present
before any other features of impending menstrual
breakdown such as neutrophil infiltration, clumping
of stromal cells, and interstitial hemorrhage are seen.
Death of uNK cells, therefore, appears to precede
menstrual breakdown. Human endometrial NK cells
produce a combination of cytokines that are influen-
tial in angiogenesis and vascular stability, such as
vascular endothelial growth factor C (VEGF-C),
placental growth factor (PIGF), and angiopoietin-2
(Ang-2) [33,34,35]. Indeed, they are preferentially
located around the spiral arteries in early decidua
and in late secretory endometrium. The withdrawal
of these factors after the demise of the uNK cells
would be expected to lead to menstrual breakdown
where vascular collapse is known to be a critical event.
In other mucosal sites in the body, populations of
leukocytes do play a role in renewal and differentia-
tion and recent reports have identified mucosal NK
cells that secrete IL-22 to maintain mucosal integrity
[36]. Uterine NK cells may well perform a similar
function in endometrium and decidua.

NK cells and trophoblast invasion

When mammals evolved an invasive form of placen-
tation where the uterine epithelium is breached, the
mucosal NK cells could then have been co-opted from
a mainly mucosal function to play a further additional
role — that of regulating implantation by monitoring
trophoblast invasion and ensuring that a balance
between adequate fetal nutrition and maternal survival
is achieved. In support of this view is the histological
observation that NK cells are particularly abundant
among the invading trophoblast cells in the decidua
basalis. Trophoblast continues to penetrate the uterine
wall as far as the inner myometrium where the cells
fuse to become placental bed giant cells. NK cells are
not a feature of the myometrium so the behavior of
trophoblast in this deeper part of the uterus is inde-
pendent of their influence. Unpublished observations
from our laboratory do suggest though that if troph-
oblast has not first passaged through the NK-rich
decidual environment before penetrating myome-
trium then giant cells do not form and there is deep
invasion with destruction of the smooth muscle. This
suggests that the role of decidua and its NK cells is to
modify the trophoblast as it moves through so that
the cells reaching the inner myometrium no longer
have such invasive and destructive proclivities. In nor-
mal pregnancies, they do retain the ability to encircle
and destroy the media of the spiral arteries with result-
ing fibrinoid necrosis and subsequent replacement of
the endothelium by endovascular trophoblast. This is
deficient in preeclampsia perhaps because of excess
‘modification’ by decidua and the NK cells?

How might uNK cells control trophoblast invasion?
Several lines of evidence indicate that the local uterine
immune system is involved. Trophoblast cells which
invade into decidua during implantation express an
unusual array of HLA molecules [2]. Instead of the
usual combination of HLA-A, -B and -C of somatic
cells, trophoblast expresses one classical (HLA-C) and
two non-classical (HLA-E and HLA-G) [37,38,39]
molecules. Of these molecules, only HLA-C is poly-
morphic whereas HLA-E and HLA-G are invariant.
The functions of these trophoblast HLA molecules
have been the focus of much research interest.
Receptors for these HLA molecules are expressed by
uNK cells thereby providing a potential molecular
mechanism for maternal-fetal recognition.

A further potential site where maternal immune
cells can interact with endovascular trophoblast is in
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the spiral arteries in the decidua basalis. Endovascular
trophoblast expresses a similar array of HLA class I
molecules to the interstitial trophoblast. At present
nothing is known about how maternal peripheral
blood NK cells, T cells, or monocytes might respond
to the trophoblast ligands.

HLA-E

All uNK cells express high levels of the inhibitory
receptor CD94/NKG2A whose ligand is HLA-E
[40,37]. This interaction will, therefore, prevent lysis
of trophoblast by uNK cells. The peptide that is bound
to HLA-E is derived from the signal peptide of other
MHC class I molecules expressed by the cell. The
peptide bound to HLA-E that is derived from leader
sequence of HLA-G has a particularly strong influence
on the binding affinity of HLA-E to the CD94/NKG2
receptor [41]. In addition, demonstrable binding of
HA-E to the homologous receptor, CD94/NKG2C
(that is activating rather than the inhibitory CD94/
NKG2A), is only seen when HLA-E has an HLA-G-
derived bound peptide. This means that uNK cells
could respond differently to trophoblast HLA-E com-
pared to other surrounding cells in the vicinity which
are also HLA-E positive but are binding peptides
derived from leader sequences of maternal classical
HLA-A, -B and -C.

HLA-G

HLA-G is a non-classical HLA class I molecule that was
identified and found to be expressed by trophoblast
cells nearly 20 years ago [42,43,44]. The HLA-G gene
is located within the MHC at 6p21.3, one of the two
most polymorphic regions of the human genome. In
contrast to classical HLA class I genes HLA-G shows
only minimal variation, with around 20 nucleotide
alleles encoding less than 10 different protein sequen-
ces. This limited polymorphism is distributed between
the al, a2, and a3 domains, unlike the polymorphism
in classical HLA class I molecules, where it is concen-
trated around the peptide binding groove. HLA-G is
also unusual in having a stop codon in exon 7, resulting
in a truncated cytoplasmic tail that affects HLA-G
trafficking with retention in the ER until a high-affinity
peptide is bound. Reduced endocytosis from the cell
surface also occurs, meaning that HLA-G proteins
have an extended surface half life. As predicted from
the limited polymorphism and unusual cellular
trafficking characteristics, HLA-G demonstrates a

highly restricted peptide repertoire. These unique char-
acteristics of HLA-G, limited polymorphism, restricted
peptide repertoire and unusual cellular trafficking, sug-
gest that a role in the presentation of intracellular
peptide to T cells is unlikely [45,46]. Indeed, to date,
HLA-G-restricted T cells have not been detected in
humans.

HLA-G has been found in different conformations
at the cell surface. Of most interest HLA-G can exist as a
dimer of two conventional P,m-associated HLA-G
complexes. Dimers of HLA-G have been described
with recombinant protein in vitro, on the surface of
HLA-G transfectants and primary trophoblast cells
[47,48,49]. The HLA-G homodimer is linked by a disul-
fide bond between extracellular cysteines at position
42 in the heavy chain al domain. Comparison of
HLA class I sequences reveals that cysteine 42 is unique
to HLA-G alleles implying that this homodimeric
HLA class I complex is unique to HLA-G.

Genes orthologous to HLA-G can be identified in
the closest evolutionary relatives of humans, chimpan-
zees and gorillas [50]. Interestingly because there is
conservation of the cysteine 42 and limited MHC-G
polymorphism a similar function is likely and this
might be related to the deeply invasive placentation
characteristic of these species [2] (see also Chapter 12).
In contrast in the orangutans and Old and New World
monkeys, cysteine 42 is substituted for a serine so
dimerization of MHC-G will not occur and MHC-G
is either a polymorphic classical MHC class I molecule
or a pseudogene. Other MHC molecules have been
suggested as functional homologues of HLA-G in
Old World monkeys and rodents on the basis of
limited polymorphism and expression in the placenta,
but there is still a paucity of functional evidence for
any of these ‘trophoblast’ MHC genes in any species.

There is still some controversy regarding the iden-
tity of the uNK cell receptors for HLA-G. This is
surprising as HLA-G has held center stage in repro-
ductive immunology research for some time. Only
the invading trophoblast cells express HLA-G, imply-
ing that this molecule is likely to have a pivotal role to
play in implantation, but what this role is remains
unclear. The leukocyte receptor complex of chromo-
some 19 includes two polymorphic gene families, leu-
kocyte immunoglobulin-like receptors (LILR), and
killer cell immunoglobulin-like receptors (KIR) [51,52].
Members of both these families can bind HLA-G. The
LILR family comprises 13 loci of which only the
inhibitory LILRB1 and LILRB2 receptors recognize all
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HLA class I molecules. LILRB1 and -2 are expressed by
all peripheral macrophages and dendritic cells. LILRB1
is also expressed on undefined subsets of most B, some
T, and NK cells. In the decidua, all HLA-DR" cells have
been shown to express both LILRB1/2 and 20% of
CD56" cells express LILRB1 [49].

LILRBI and 2 have been shown to bind HLA-G
by a range of experimental methods: LILRB1/2-Fc
fusion proteins specifically bound to transfected cells
expressing HLA class I molecules including HLA-G in
the absence of HLA-E [53,51,54]. HLA-G tetramers
bound cells transfected with LILRB1/2 and human
PBMC; binding was blocked with anti-LILRB mAb
[55]. Surface plasmon resonance (SPR) experiments
with recombinant HLA-G molecules demonstrated
that the affinity of LILRB1 and 2 binding to HLA-G
is higher than other HLA class I molecules [56,57].
The co-crystal structure of LILRB1 binding to the a3
domain and f,m molecule of HLA-A is now available
and the HLA-G crystal structure is similar [58].
Importantly, given that formation of this dimer is
unique to HLA-G, dimerization dramatically increases
LILRBI1 binding. A LILRB1-Fc fusion protein bound
more strongly to wild type HLA-G transfectants than
serine 42 mutants that do not dimerize [59]). SPR
measurements of soluble monomeric and dimeric
HLA-G complexes binding LILRB molecules con-
firmed this finding [60]. The increased binding avidity
of the dimer translates into augmented signaling
through LILRB1 because LILRB1-mediated inhibition
of IgeR-mediated serotonin release and inhibition of
NK killing were both increased with cells expressing
HLA-G that can form dimers, as opposed to a serine 42
mutant [59]. In addition, a LILRB1 chimera NFAT-
GFP reporter cell assay showed that 100-fold lower
concentrations of dimeric compared to monomeric
HLA-G were necessary to induce a signal [60]. Most
recently, LILRB1 has been shown to bind HLA-G
expressed on trophoblast cells in vivo, and preferen-
tially the homodimer was immunoprecipitated from
the cell surface with a LILRB1-Fc fusion protein [49].
Overall the evidence is convincing that the HLA-G
dimer binds LILRB1 and that this interaction is likely
to be functional.

The KIR are another polygenic receptor family,
some of which bind HLA-C molecules but one KIR,
KIR2D14, binds HLA-G. KIR2DL4 is a framework
gene at the center of the KIR gene complex and is
present in all KIR haplotypes. KIR2D14 surface expres-
sion on peripheral and decidual NK cells in vivo has

proved difficult to detect [61,62]). In addition, one
allele of KIR2DL4 produces a transcript that lacks
any transmembrane domain in vitro and is present in
most populations at a frequency of around 50%.
Presence of both a cytoplasmic ITIM motif and an
argine residue in the transmembrane region indicates
KIR2DL4 could be either a stimulating or inhibitory
receptor. Like other aspects of this enigmatic molecule,
whether KIR2DL4 can bind to HLA-G has been
controversial. A KIR2DL4-Fc fusion protein bound
HLA-G transfectants and this was blocked with anti-
KIR2D14 and anti-HLA-G mAb [61,62]) but others
have disputed these findings [55]. A possible explan-
ation for these contradictory findings is that KIR2DL4
binds to HLA-G in a low-affinity interaction that
only takes place when the ligand is concentrated in
endosomal compartments. KIR2DIL4 was detected
intracellularly in the early Rab 5" endosomes of peri-
pheral NK cells using confocal microscopy [62]. When
GFP-tagged KIR2DL4 transfected cells were incubated
with soluble HLA-G molecules, intracellular co-
localization of HLA-G and KIR2DL4 could be detected
which was blocked with specific mAb. That NK cells
might sense ligands via endosomal compartments is
an interesting new area for research. What remains to
be shown is conclusive evidence of KIR2DL4 protein
expression in vivo, and in particular whether decidual
NK cells also express KIR2DL4 in endosomes and how
HLA-G can reach these compartments in vivo.

From the evidence available the most compelling is
that relating to the HLA-G:LILRBI interaction. The
outcome of this interaction has been shown by many
studies to result in deviating dendritic cells towards a
tolerogenic rather than an immunogenic phenotype
[63,64,65]. For a trophoblast molecule to direct the
uterine dendritic cells towards becoming tolerogenic
during early pregnancy and thus downregulate any
possible allogenic responses is an attractive idea
[49,46]. Decidual HLA-DR+ cells are abundant
accounting for ~20% of decidual leukocytes [66]. In
addition decidual NK cells may be stimulated by an
HLA-G:KIR2DL4 interaction to produce a beneficial
array of cytokines and chemokines that facilitate the
vascular changes necessary in the placental bed. If both
signaling pathways occur in parallel, HLA-G would be
able to influence both decidual NK cells and HLA-DR"
cells, accounting for ~90% of leukocytes at the placen-
tal implantation site. Thus, as the placental trophoblast
cells infiltrate the uterine mucosa they could deliver a
pregnancy-specific signal to most of the local maternal
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leukocytes and modify their function to accommodate
the feto-placental unit.

HLA-C

The NK cell receptors for HLA-C are members of
the Killer-cell Immunoglobulin-like Receptor (KIR)
multigene family [67]. HLA-C has emerged as a dom-
inant ligand for NK cells [68]). Individual KIR can
distinguish between an epitope of all HLA-C allotypes
that is based on a dimorphism at position 80 of the
al domain. This divides HLA-C alleles into Group 1
(C1) or Group 2 (C2). There is great diversity of KIR
haplotypes, with variations in the number of genes as
well as polymorphism at individual loci. Some of the
KIR genes encode an inhibitory receptor while others
(with a similar extracellular domain) encode for a
receptor that gives an activating signal. Broadly speak-
ing, KIR haplotypes comprise two groups, A and B,
that differ principally by having additional activating
receptors in the B haplotype (Fig. 6.1). The distinction
between these two haplotypes seems to indeed have a
biological basis as there are many clinical correlations
with KIR A or B haplotypes and infectious diseases
(HIV, HCV, HSV) as well as autoimmune conditions
[69,70]. In any pregnancy, the maternal KIR genotype
can be AA (no activating KIR) or AB/BB (presence of
between one and five activating KIRs).

That interaction between trophoblast HLA-C and
uNK cell KIR plays a critical role in implantation is very
persuasive. Recent studies have shown that the KIR
repertoire in uNK cells is dynamic and changes dramat-
ically during the early weeks of pregnancy [71,72].
Both the proportion of CD56+ cells expressing KIR

Two representative KIR haplotypes
of A and B type

specific for HLA-C and the levels of expression of
these KIR are upregulated. The increased expression
of HLA-C-specific KIR by uNK cells is a transient
phenomenon, with high expression when samples first
become available at around 6 weeks, which coincides
with the time when trophoblast begins to migrate exten-
sively into decidua to transform the spiral arteries.
These changes in KIR expression by uNK cells contrast
with peripheral blood NK cells where, in healthy indi-
viduals, both the frequency and expression levels of KIR
are genetically determined and remain fixed for many
years. Change in the KIR repertoire in uNK cells dur-
ing pregnancy, therefore, is an unusual physiological
phenomenon which is likely to be related to the role
these receptors play in implantation. Of interest though
is that in mice infected with MCMYV there is transient
expansion of NK subsets bearing receptors specific for
the MCMV-encoded NK ligands [73]. The upregulation
of uterine NK KIR is particular for those that bind
to HLA-C because the HLA-B-specific KIR3DL1 do
not increase significantly. This is relevant since invading
trophoblast cells express HLA-C and not HLA-A or
HLA-B. Both inhibitory and activating KIR for HLA-
C are upregulated. The increase in level of KIR expres-
sion by uNK cells is also reflected in higher binding
of HLA-C tetramers in vitro. This should be function-
ally important in vivo in relation to binding to tropho-
blast HLA-C [72]. The CD56""¢" NK cell population
in blood expresses no KIR at all. If blood CD56°7&"
NK cells are the source of CD56""" uNK cells, then
this observation indicates that KIR expression is indeed
induced locally in utero. Products like IL-15 from decid-
ual stromal cells could provide the necessary stimulus
for this induction.

Fig. 6.1 Two representative KIR haplotypes of A and B
type. See plate section for color version.
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The conformation of HLA-C molecules on troph-
oblast is unusual in that it exists predominantly in
the stable B,m-associated form, with negligible levels
of the unfolded HLA-C conformers that are seen on
somatic cells [74]. There are several possible explan-
ations for this including the increased availability
of suitable high-affinity peptides in trophoblast cells
compared to normal cells. It will be of interest to see if
HLA-C is also more stable on virally infected cells
allowing alteration in affinity for activating or inhib-
itory KIR. Possibly trophoblast is behaving like an
infected cell? Certainly, tetramers of KIR2DLI are
observed to bind specifically to HLA-C molecules on
trophoblast cells [72]. All these findings suggest that
both KIR and HLA-C in the implantation site have
features that are specially adapted for enhanced recog-
nition of HLA-C on trophoblast by uNK cells.

Because both HLA-C and KIR genes are polymor-
phic it can be predicted that the interaction between
maternal uNK cell KIR and paternal trophoblast HLA-
C would have different outcomes in each pregnancy
[75]. Some of these interactions could be disadvanta-
geous for implantation and might contribute to the
underlying pathogenesis of important diseases, such as
preeclampsia. Initial histological studies over 50 years
ago indicated that defective decidual arterial modifica-
tion due to inadequate trophoblast invasion was fre-
quently seen in the placental bed of women with
preeclampsia (see Chapter 3). This has now been sup-
ported by Doppler ultrasound studies of maternal
uterine blood flow. How the fine-tuning of trophoblast
invasion to prevent under- or over-invasion is achieved
is unknown. It has been reported that a KIR AA geno-
type (inhibitory KIR only) in the mother combined
with the presence of an HLA-C2 group in the fetus
increases the susceptibility to preeclampsia. However,
the maternal KIR genotype appears to be unimportant
when a homozygous C1/Cl is present in the fetus [76].

The obvious question that arises is what is the
protective KIR gene or genes on the B haplotype that
protects against preeclampsia when there is an HLA-
C2 in the fetus? There is evidence that the KIR genes
at the telomeric end of the haplotype might be impor-
tant, in particular the activating receptor for HLA-C2
(KIR2DS1) (unpublished data). Women with pree-
clampsia, recurrent miscarriage, and fetal growth
restriction all have reduced frequencies of KIR2DS1
compared to controls (unpublished data). Thus, it
seems that the presence of HLA-C2 in the fetal troph-
oblast normally induces a strong inhibitory signal by

binding to the inhibitory receptor KIR2DL1 that needs
to be overcome by the presence of an activating KIR
such as KIR2DS1 for pregnancy to be successful. Recent
analyses have shown that this applies also to recurrent
miscarriage and fetal growth restriction, two conditions
that have a similar basic pathogenesis of failure of
trophoblast to invade the spiral arteries correctly [77].
This reinforces the view that certain combinations of
trophoblast HLA-C and maternal KIR interaction are
responsible for many pathological pregnancies [78]. At
present, it is unclear whether the HLA-C status of the
mother or that of the invading fetal trophoblast can
influence the KIR repertoire of the uNK cells. If the
former, then the role of the self HLA-C ligands in
setting the responsiveness of the mature maternal NK
cells will also be important to consider [79]; if the latter,
then the further question arises whether the uNK cell
KIR repertoire will differ between the first and sub-
sequent pregnancies. This would be an interesting
mechanism for NK cell education. Recent studies in
mice have demonstrated that NK cells do have ‘mem-
ory’ reminiscent of T cell memory [80]. If this NK
‘memory’ is confirmed in humans, there might perhaps
be some persistence of the trophoblast-specific NK cells
that are retained and more responsive in a subsequent
pregnancy from the same father.

The exact mechanism by which uNK cells influ-
ence trophoblast invasion remains unclear. Despite its
name of ‘killer’ cell, there is no good evidence that
uNK cells can kill trophoblast. Instead, uNK cells are
known to make a wide variety of cytokines and angio-
genic factors including IFN-y, IP-10, IL-8, VEGF-A,
VEGF-C and Ang-2, all of which can influence either
vascular function or trophoblast migration [81,35].
Secretion of several of these cytokines by uNK cells is
altered following engagement of KIR by HLA-C
ligands, so the cytokine milieu that the invading troph-
oblast cells are exposed to would be different in preg-
nancies with different KIR/HLA-C combinations,
thereby modifying the extent of trophoblast invasion.
Examination of the placental bed in mice genetically
deficient in uNK cells shows that the transformation of
decidual arteries typical of normal implantation does
not occur [82]. This indicates that an important func-
tion of mouse uNK cells could be to directly modify
decidual blood vessels by cytokines rather than indi-
rectly via the control of trophoblast invasion as in
humans.

Given the association of HLA-C2 and KIRAA gen-
otypes with reproductive failure, it would seem logical
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to predict that these gene combinations would be
selected against. Why are these KIR AA genotypes even-
tually not selected out given the deleterious effect for
mothers with these genotypes? There are large differ-
ences in populations in the frequency of both KIRAA
genotypes and HLA-C2 groups [67]. There must be
balancing selective pressures, perhaps to provide defense
against infections. Necessities for survival of human
populations are to provide defense against infection as
well as an ability to reproduce successfully [69]. The
HLA-C locus has evolved relatively recently and is
found only in humans, the African great apes and
some (but not all) orangutans. Similarly, there are fea-
tures of the KIR family of receptors which indicate that
there has been rapid evolution of this gene family in
primates. It is a fascinating speculation that selective
pressures for reproductive success together with defense
against infections could have contributed to the rapid
change of HLA-C and KIR genes in primates. Possibly
the expansion and diversification of KIR genes in great
apes is related to the increasingly dangerous invasive
proclivities of trophoblast compared with lower primates
(see Chapter 12, [83]). However, even chimpanzees,
which have comparable inhibitory KIR for their MHC-
C allotypes, have minimal expansion of activating KIR
and the large numbers of activating KIR seem to be
specific to humans. The demands put on the human
pelvis by walking upright as well as the increasing brain
size may both have impacted on the placental blood
supply [2].

The overall conclusion is that the local immunity
in the human implantation site is an unusual one
that is reflected in the cell types present. These are
mainly immune effectors belonging to the innate
rather than the adaptive immune system. The laws
governing reproduction immunology, therefore, are
not the same as those for transplantation immunol-
ogy, in spite of superficial resemblance between the
two allogeneic systems.
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Introduction

The placenta, an organ of fetal origin, is critical to
the normal growth and development of a healthy
baby. Among its manifold functions, the placenta
maintains a complex interface between the fetal
and maternal circulations allowing gas exchange,
absorption of nutrients, and elimination of waste.
As a result of these key transport functions, the
placental circulation is a dynamic network of blood
vessels that evolves and remodels throughout the
course of pregnancy, responding to the growing
needs of the embryo and fetus at each step of its
development.

In this chapter, we will use a loose interpretation
of ‘placental angiogenesis’ to include placental neo-
vascular formation as well as transformation of the
vessels during gestation. Classically, the de novo for-
mation of blood vessels in the placental villi is called
vasculogenesis [1], and occurs during the first trimes-
ter of pregnancy. Angiogenesis refers to the trans-
formation of these blood vessels and their adaptation
to the increasing transport needs of the fetus, and
occurs from the second trimester to term. Another
phenomenon critical for the development of the pla-
centa involves the proper invasion of the uterine tis-
sue by trophoblastic cells and the transformation of
the maternal spiral arteries. Failure of this phenom-
enon leads to significant clinical complications of
pregnancy like miscarriage, intrauterine growth
restriction (IUGR), and preeclampsia (PE), as dis-
cussed in other chapters of this book.

Emphasis is placed on human tissues and we will
use the clinical convention of gestational dating in
weeks based on the last menstrual period (LMP); how-
ever, highly informative findings from mouse models
and genetic knockout experiments are included where
these are relevant to human placental physiology and
disease.

Placental angiogenesis
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Villous angiogenesis and villi formation

Human placentation starts just after the implantation of
the blastocyst into the epithelium of the uterus about 3
weeks from the LMP. Following the hatching of the
embryo from its zona pellucida, the trophectoderm pen-
etrates and the blastocyst is quickly submerged below the
endometrial surface epithelium. The trophoblasts proli-
ferate rapidly, invade the endometrial stroma, and differ-
entiate into two subpopulations of cells that form the
placenta: an inner layer of proliferative cytotrophoblastic
precursor cells and an outer layer of polynucleated differ-
entiated cells called syncytiotrophoblasts [2].

By 4 weeks’ gestation, the cytotrophoblasts prolif-
erate and form the primary villi. Extravillous tropho-
blasts (EVT) invade the maternal tissues. They
penetrate and fill the lumina of the spiral arteries,
forming endovascular plugs. These plugs prevent
maternal blood flow into the early developing placenta
creating a hypoxic environment compared to the
maternal tissues, postulated to promote cytotropho-
blastic proliferation [3], and protect the developing
fetal tissues from oxidative stress.

Growth and differentiation lead to the formation
of three types of villi: primary, secondary, and tertiary
[4]. At approximately 5 weeks, the core of the tropho-
blastic columns is filled with extra-embryonic mesen-
chyme and they are classified as secondary villi.

During the first month of human pregnancy, the
villi remain avascular, but by 7 weeks’ gestation, the
tertiary villi progressively dominate and vasculogenic
endothelial precursor cells give rise to primitive capil-
lary tubes of the decidua capsularis. When these villi
degenerate, the chorion becomes an avascular shell
called chorion laeve. At the other pole, the tertiary
villi associated with the decidua basalis proliferate
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forming the chorion frondosum or definitive pla-
centa [5]. Unfortunately, less is known about the pro-
gressive angiogenesis of the placental bed during
development.

Primary and secondary villi are avascular. Tertiary villi,
which first form at ~7 weeks’ gestation and continue
to form throughout pregnancy, have a vascular
system

Structure of the placental plates

The placenta structurally provides a very intimate
relationship between the maternal blood and fetal
blood. Contact between the two blood circulations,
while keeping them separate, is achieved by way of
a complex architecture with three major structural
components [6]:

o the chorionic plate includes the fetal side of the
amnion, the chorion, and the rich chorionic blood
vessels contiguous with the umbilical vessels;

e the intervillous space, containing ‘floating’ and
‘anchoring’ chorionic villi with fetal blood vessels
organized in tree-like structures called
placentomes, bathed in maternal blood;

o the basal plate of maternal endometrium (decidua)
covered with a layer of syncytiotrophoblast and
infiltrated by numerous EVT that extend into up to
one-third of the myometrium.

The maternal blood enters the intervillous space
through the uterine spiral artery openings. There,
maternal blood flows across the surface of the villous
trees and is returned to the maternal circulation
through the endometrial veins [7].

From the fetal side, two umbilical arteries generally
bring deoxygenated blood to the placenta. The blood
flows into the heavily branched chorionic arteries and
culminates in a complex arterio-capillary-venous sys-
tem at the villous tip, where exchange between mater-
nal and fetal blood contents takes place. Finally, fetal
blood loaded with nutrients and oxygen diffusing from
the maternal supply returns back to the fetus through
chorionic veins draining into a single umbilical vein.

Structure of the placentome

Starting from the chorionic plate, a thick villous trunk
gives rise to numerous stem villi. From 24 weeks’

gestation onward, these outgrowths repeatedly develop
into mature intermediate villi that do not duplicate
themselves but instead grow by elongation. This elon-
gation process ends up with the formation of the termi-
nal villi, sites of gas and nutrient exchange [8].

Vasculogenesis

At about 5 weeks’ gestation, vasculogenesis of the
placental villi begins by a local de novo organization
of pluripotent mesenchymal precursor cells inside the
placental villous core. The mesenchymal cells differ-
entiate into hemangiogenic stem cells, which give rise
to angioblasts, progenitors of endothelial cells. The
villi undergoing vasculogenesis are referred to as ter-
tiary villi. Placental macrophages called Hofbauer
cells, found in the villous core mesenchyme in close
contact with the vasculogenic precursor cells, are
thought to play a paracrine role in vasculogenesis [9].
Hofbauer cells secrete a variety of angiogenic growth
factors that will be discussed in the detail in the follow-
ing section.

Hofbauer cells within the villous core secrete angio-
genic proteins including vascular endothelial growth
factors

The hemangioblastic cells are first organized into
string-like aggregates of polygonal cells that form
endothelial tubes by focal enlargement of centrally
located intercellular clefts and fusion of these clefts to
become a consolidated lumen. These endothelial tubes
are surrounded by mesenchymal cells that differentiate
to become pericytes. This developmental program is
recapitulated when human umbilical vein endothelial
cells (HUVEC) are cultured on Matrigel®-coated
plates [10]. Confluent HUVEC (Fig. 7.1A) condense
and form tubular bridges in vitro (Fig. 7.1B and C).
Cross-sections of the tubular bridges reveal central
lumina (Fig. 7.1D).

Early placental blood vessel formation from hem-
atopoietic stem cells creates discontinuous capillary
lumina in anticipation of their coalescence and con-
nection to the umbilical cord vessels before these
anastomose later to the embryonic circulation.

At around 9 weeks’ gestation, the endothelial tubes
fuse with each other and with the allantoic vessels
leading to the establishment of a functional connection
between embryonic and placental vascular beds. This
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Fig. 7.1 (A) HUVEC grown for 48 hours on gelatin-coated plastic exhibit typical ‘cobblestone’ morphology. When the cells are cultured on
Matrigel®for 8 hours (B) or 48 hours (C) they retract and form three-dimensional capillary-like bridges and tubules. (D) A high-power cross-section
of the latter structure reveals a central lumen. Reproduced with permission from De Groot et al. 1995 [10]. See plate section for color version.

blood vessel formation happens in a relatively hypoxic
environment. Up to 10 weeks’ gestation, the oxygen
tension within the developing placenta is <20 mmHg.
Then, after 10-12 weeks’ gestation, the endovascular
cytotrophoblasts previously plugging the spiral
arteries regress and maternal blood begins to flow
into the intervillous space. By about 14 weeks, the
pO, exceeds 50 mmHg [11,12]. Maternal blood flow
starts in the periphery of the placenta and extends
toward the center. The increase in oxygen tension
reduces interstitial trophoblast proliferation and trig-
gers the regression of peripheral villous capillaries.
The mechanisms for endovascular trophoblastic
‘deplugging’ at the end of the first trimester are as yet
unknown, but this phenomenon is associated with
dispersion of the trophoblast cells and deeper migra-
tion into the spiral artery lumens. In third trimester
placental sections, the frequency of apoptotic endovas-
cular trophoblast cells was significantly increased in
subjects with early-onset preeclampsia with IUGR
compared with controls at term [13].

A functional placental circulation does not form until
10-12 weeks' gestation. Prior to this time placental
and embryonic cells are exposed to an oxygen ten-
sion <20 mmHg. The hypoxic environment appears to
protect the growing products of conception from
oxidative stress

Angiogenesis

Once blood vessels are formed within the tertiary villi,
they begin to remodel and adapt to the changing
needs of the growing embryo and fetus. Extensive

transformation, leading to the formation of complex
capillary networks, occurs up to the beginning of the
third trimester. Capillary networks are formed
throughout the second trimester first by branching
angiogenesis, followed by non-branching angiogene-
sis. Branching angiogenesis actually decreases func-
tional vessel length and resistance to blood flow and
is achieved by lateral sprouting of vessel buds from
existing vessels and/or by formation of transvascular
pillars which partition one lumen into two or more
lumina (intussusceptive angiogenesis) [14] (Fig. 7.2).

Complex capillary networks within the placentome
are generated by a combination of branching angio-
genesis, intussusceptive angiogenesis, and vessel
elongation

Non-branching angiogenesis consists of elonga-
tion of existing vessel segments by vascular endothelial
cell proliferation and/or intercalation of endothelial
progenitor cells.

Between 15 and 32 weeks’ gestation, subtropho-
blastic peripheral capillary regression and pericyte
investment lead to the transformation of central capil-
laries into arteries and veins of the stem villi.

From 25 weeks to term, angiogenesis is predom-
inantly non-branching and is characterized by an
active and rapid lengthening of blood vessels, relative
to the growth of the trophoblast layer. As a result, the
latter cell layer becomes very thin, enhancing
transport. The elongating blood vessels form loops
and coils creating complex capillary plexi in the ter-
minal villi, where fetal-maternal gas and nutrient
exchange occur.
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Placental bed angiogenesis

The portion of the uterine mucosa directly in contact
with the placenta is called the placental bed and is
composed of the decidualized endometrium and the
subjacent myometrium. The placental bed is perfused
by approximately 100 endometrial spiral arteries [15].
These are highly specialized arterioles that present a
unique morphology and undergo a critical transfor-
mation in pregnancy, with dilated walls and openings,
allowing conversion of the maternal vessels from high
resistance/low capacitance to low resistance/high
capacitance blood conduits.

During cytotrophoblast proliferation and invasion
of the endometrium in the first trimester of pregnancy,
EVT reach and breach the spiral arteries. These endo-
vascular cytotrophoblasts form plugs that block
maternal blood from entering the intervillous space
but some plasma filtrate penetrates. This plugging is
restricted to the site of implantation creating a
hypoxic environment favorable to villi development.
Endovascular plugging does not occur away from the
implantation site, which allows maternal blood to
oxygenate the peripheral villi. This oxygenation is
responsible for vascular regression in the villi leading
to the formation of the smooth chorion.

Extravillous trophoblasts cause the spiral arteries
to undergo a radical change in their structure, called
‘physiological conversion’ that increases the amount of
maternal blood perfusing the placenta while decreas-
ing the vascular resistance. First, there is a generalized
remodeling of the arterial walls with disorganization
of the vascular elastic fibers and smooth muscle cells,
dilation of the lumen, followed by reduction in the
number of smooth muscle cells, and deposition of
fibrinoid material within the vessel walls. Finally,
while it has been suggested that accelerated nitric
oxide (NO) production by the trophoblasts may fur-
ther dilate the arterial walls [16] some investigators
failed to detect endovascular trophoblast NO synthase
enzyme by immunohistochemistry [17]. During nor-
mal pregnancy, ‘physiological conversion’ results in a

Fig. 7.2 Basic steps of intussusception:
protrusion of opposing capillary walls into
the lumen (A and B) and creation of a
contact zone between the endothelial cells
(C). After central perforation of the cellular
bilayer, the fused endothelial cells form a
transluminal cuff, invaded later by
myofibroblasts or pericytes (D).
Reproduced with permission from Kurz

et al. 2003 [14].
normal preeclampsia
r=250 um r'=100 um
R= 8“4' = 1x R= 8”4' = 40x
s T

Fig. 7.3 In 1840 Jean Louis Marie Poiseuille derived a law to describe
the non-turbulent flow of fluid through a tubular pipe. This
phenomenon has been applied to vascular physiology and predicts
that vessel resistance (R) is inversely proportional to the fourth power
of its radius (r). Thus, a 60% reduction in spiral arteriolar radius (r)
could generate a 40-fold increase in vascular resistance (R).

mean spiral arteriolar radius of 250 um. In pregnancies
complicated by PE, ‘physiological conversion’ is
impaired, resulting in a mean spiral arteriolar radius
of 100 pum. According to Poiseuille’s law, this 60%
decrement in vessel radius can account for a 40-fold
increase in vascular resistance (Fig. 7.3).

‘Physiological conversion’ of the maternal spiral arte-
rioles by invading extravillous trophoblasts is neces-
sary to optimize blood flow to the placental bed.
Failure of this transformation is associated with PE
and IUGR

Section 1l: molecular aspects
of placental angiogenesis

Placental angiogenesis is very complex and depends
on an appropriate balance between pro-angiogenic
and anti-angiogenic factors. Two of the best under-
stood pro-angiogenic factors are the vascular endothe-
lial growth factors (VEGFs) and the related protein,
placental growth factor (PIGF). Other angiogenic fac-
tors also were identified in the placenta and are impor-
tant in the formation and remodeling of placental
blood vessels: angiopoietins 1 and 2 and their receptor
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Tie-2, basic fibroblast growth factor (FGF-2), as well as
the cytokine TGFp will be discussed.

Placental angiogenesis is regulated by a panoply of
growth factors, among which VEGF, PIGF, FGF, angio-
poietins 1 and 2 and TGF( are the most prominent

Vascular endothelial growth factor-related
proteins

Many factors modulate placental vascular develop-
ment, but members of the VEGF family play a major
role. The mammalian VEGF family consists of five
members, VEGF-A, -B, -C, -D, and PIGF, all coded
by different genes arising through evolutionary gene
duplication. Recently, two new members have been
identified with exogenous origins: VEGF-E identified
in parapox and pseudocowpox viruses and VEGF-F
found in some viper venoms [18,19].

VEGF-A and PIGF are expressed in the placenta
throughout gestation and are responsible for neo-
angiogenesis observed during the implantation as well
as the maintenance of placental vascularity during the
pregnancy. These growth factors act on their target cells
by binding to cell-surface tyrosine kinase receptors,
VEGF receptor 1, and VEGF receptor 2 (previously
known as Flt-1 and FIk-1/KDR, respectively) [20].

VEGEF-A was the first VEGF identified and has been
intensively studied. In the context of pregnancy, VEGF-
A is a product of the endometrium and decidua, but it
also is highly expressed in placental cytotrophoblast and
Hofbauer cells, where it is responsible for the activation
of the endothelial precursors to form angiogenic cords.

The human VEGF-A gene is located on chromo-
some 6. Alternative splicing of its mRNA leads to the
production of a variety of VEGF protein isoforms,
ranging in size from 121 amino acids to 206 amino
acids. VEGF-A;45 is the most abundantly secreted
isoform. It forms homodimers that bind to VEGFR1
with a high affinity (Kd ~10 to 20 pM), but this recep-
tor is not particularly effective in activating cellular
responses. VEGF-A 45 homodimers also bind with a
lower affinity to VEGFR2 (Kd ~100 to 125 pM), which
is the receptor responsible for their angiogenic activ-
ity. VEGF also binds to the transmembrane glycopro-
teins neuropilin-1 and neuropilin-2, shown to be
coreceptors for several members of the semaphorin/
collapsin family in the nervous system [21]. These
coreceptors appear to modulate VEGF and PIGF

binding to their cognate tyrosine kinase receptor
dimers [22]. The receptors themselves, upon binding
of VEGF, can form homodimers (R1-R1 and R2-R2)
or heterodimers (R1-R2).

PIGF cDNA was first isolated by Maglione in 1991
from human placenta and found to share 42% amino
acid homology with VEGF-A [23]. The human PIGF
gene is located on chromosome 14. Four different PIGF
isoforms arise by alternative splicing of a single pre-
mRNA. Only PIGF-2 and -4 have heparin-binding
domains. PIGF is highly expressed during pregnancy
and while the placenta represents the primary organ
secreting PIGF, it is also expressed in the lungs and the
heart. Placental PIGF mRNA expression is predomi-
nantly localized to villous trophoblasts but PIGF protein
is also noted in the cells of fetal stem vessels. The role of
PIGF in placental angiogenesis is not well established
presently. It is able to form homodimers or hetero-
dimers with VEGF and bind to VEGFR1. The reported
effects of PIGF binding to R1 are contradictory. In some
cases, angiogenesis is suppressed while in other cases
PIGF stimulates the proliferation of microvascular
endothelial cells. Knockout mice for the PIGF gene are
healthy and fertile but placental size is reduced [24]. In
certain pathological conditions like tumor angiogenesis,
ischemia, and skin wound healing, the absence of PIGF
in knockout mice leads to impaired vascularization
[25]. PIGF is a modulator of VEGF activity, synergisti-
cally increasing the effects of VEGF-A on endothelial
cells in vivo [26]. In vitro experiments show that PIGF
increases the proliferation and survival of isolated
trophoblasts [27] as well as their production of NO
and cell surface adhesion molecules.

VEGF and PIGF predominantly act through the
VEGEFRI and R2 receptors that belong to the PDGFR
tyrosine kinase family. Their structure consists of an
amino terminal extracellular fragment containing seven
immunoglobulin-like domains, a transmembrane frag-
ment, a juxtamembrane fragment, and an intracellular
fragment. This intracellular fragment has an interrup-
ted tyrosine kinase domain, containing an insert of 70
amino acid residues. Upon binding of VEGF or PIGF
dimers, the liganded receptors dimerize, which is fol-
lowed by protein kinase activation and trans-
autophosphorylation on tyrosine residues.

Gene knockouts of VEGF-A, VEGFR1 and VEGFR2 all
lead to angiogenic failure and embryonic lethality.
PIGF knockout mice are viable but placental size is
reduced
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In the case of VEGFR2, the more important signal-
ing molecule, phosphorylation promotes interactions
with the SH2 domain of phospholipase C gamma
(PLCy) which is in turn tyrosine phosphorylated and
activates the PKC-beta-c-Raf-MEK-MAP-kinase path-
way [28]. VEGFR1 and VEGFR2 are both expressed in
the placenta on angiogenic precursor cells and mature
endothelium whereas R1 is also expressed on macro-
phages and trophoblasts.

The critical importance of these two receptors
during placental angiogenesis has been revealed by
knockout mouse experiments. VEGFR2 knockout
mice die at embryonic day 8.0-8.5 from lack of
vasculogenesis [29]. The VEGFR1 null mutation is
also lethal and mice expressing mutated VEGFRI1 die
at about the same stage of development. Analysis of
the embryos shows an excess of endothelial cells and
disorganized tubules [30]. VEGFR?2 is required for
differentiation of hemangioblastic precursor cells
into capillaries while VEGFRI1 activation appears to
be needed for formation of endothelial tubes by early
endothelial cells.

Posttranscriptional modifications of the VEGFR1
mRNA lead to the synthesis and secretion of a soluble
form of the receptor, sVEGFRI, also called sFlt-1
(soluble Fms-like tyrosine kinase 1) [31]. It is pro-
duced by HUVEC, trophoblasts, and monocytes
[32,33]. This soluble form of the receptor possesses
its VEGF binding domain but lacks the intracellular
tyrosine kinase moiety. By its ability to bind to VEGF
and PIGF with high affinity, sVEGFR1 adsorbs free
VEGF and PIGF proteins in the serum and thus
inhibits angiogenic activity and growth factor-
mediated maintenance of endothelial cell function.
Studies showing that the expression of VEGF, PIGF,
and sVEGFR-1 are dysregulated in abnormal placen-
tation associated with PE and IUGR are discussed
below. VEGF null mice, and even heterozygotes
with a single VEGF gene copy abrogated, die in
early embryonic life, emphasizing the critical impor-
tance of this angiogenic factor [34]. In PIGF null
mice, placental development and shape are abnormal
and on average the placentae are reduced in size by
>30% [24].

Like VEGF and PIGF, the VEGFRs are differen-
tially regulated by hypoxia. The primary oxygen
sensor in the cell is hypoxia-inducible factor 1 alpha
(HIF-1a). Under high oxygen tension, cytoplasmic
HIF-1a is rapidly ubiquitinated and degraded [35].
When the environment becomes hypoxic,

ubiquitination is suppressed, HIF-1a accumulates in
the cytoplasm and translocates to the nucleus where it
dimerizes with aryl hydrocarbon receptor nuclear
translocator (HIF-1p). This HIF-1a/HIF-1p hetero-
dimer then binds to response elements located in the
VEGF and VEGFR gene promoters. Early placenta-
tion in vivo is subject to low O, tensions consistent
with HIF-1a activity. It is well accepted that hypoxia
increases VEGF and sVEGFR-1 mRNA expression
and protein secretion, whereas it decreases or inhibits
the production of PIGF in trophoblasts [36,37]. The
effect of hypoxia on PIGF expression seems to be cell-
type dependent because in cultured fibroblasts,
glioma cells and ischemic cardiomyocytes of normal
mice, hypoxia stimulates the expression and secretion
of PIGF. This effect appears to be mediated by metal
transcription factor-1 (MTF-1) responsive elements
located in the 5 UTR of the PIGF gene promoter [38].
MTF-1 expression was decreased in choriocarcinoma
BeWo cells treated with cobalt chloride (CoCl,) to
mimic hypoxia while over-expression of HIF-1a had
no effect on PIGF gene expression. MTF-1 expression
was decreased in placental samples from preeclamp-
tic patients relative to normal pregnancy. The
decrease in PIGF gene expression and protein secre-
tion could be due to down-regulation of MTF-1 by
hypoxia.

A number of longitudinal studies measuring the
concentrations of angiogenic factors in the serum of
women with normotensive pregnancy and women
with pregnancy complicated by PE showed that total
VEGF and sVEGFR1 concentrations are increased in
the blood of the latter group (Figure 7.4A and B)
[39,40].

By contrast, while free PIGF concentrations follow
the same pattern in normotensive and PE pregnancy,
free PIGF concentrations are lower in PE (Fig. 7.4C)
[41]. These differences between normotensive and
preeclamptic women are even more accentuated
when PE is accompanied by IUGR, which independ-
ently has features characteristic of defective placental
vascularization [42]. All these changes are consistent
with placental hypoxia in preeclampsia.

Placental hypoxia results in increased total VEGF,
sVEGFR1 and decreased PIGF production, phenom-
ena that are observed in the maternal circulation of
women with PE
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Angiopoietins 1 and 2 and their receptor
Tie-2

In addition to proteins of the VEGF family, other
factors also are required for vascular development.
Angiopoietins 1 and 2 (Ang-1 and -2) and their recep-
tor Tie-2 were shown to be important in the later
stages of vasculogenesis and angiogenesis where they
work in concert with VEGF-A as mediators of endo-
thelial cell survival and vascular remodeling [43].

Both Ang-1 and Ang-2 bind to the cell surface
tyrosine kinase receptor Tie-2. Ligation by Ang-1
induces phosphorylation of its intracellular moiety
and activation of intracellular signaling pathways.
Ang-1 is important for endothelial cell chemotaxis,
survival, and association with pericytes to stabilize
newly formed blood vessels. Ang-1 activity is counter-
balanced by Ang-2 which binds to the same Tie-2
receptor but antagonizes its phosphorylation. The pri-
mary function of Ang-2 is to destabilize the vascula-
ture and block vascular maturation; an effect of this
modulation is to render the capillary more plastic and
more responsive to sprouting angiogenesis signals by
VEGEF-A. Thus, it is well accepted that the ratio of
Ang-1/Ang-2 plays an important balancing role in
vasculogenesis/angiogenesis.

The presence of Tie-2 in cytotrophoblasts suggests
that endothelial cells are not the only target of angio-
poietins. Ang-2 enhances trophoblast DNA synthesis
and NO release and Ang-1 is a chemotactic agent for
trophoblasts, suggesting that these growth factors also

weeks gestation

may be important in the remodeling of the spiral
arteries [44].

Like VEGF-A and PIGF, the angiopoietins are dif-
ferentially regulated by hypoxia. It was reported that
placental samples from pregnancies complicated by
preeclampsia had reduced Ang-2 mRNA, potentially
compromising the plasticity of placental vessels in
these pregnancies [45].

Fibroblast growth factor-2

FGF-2 was the first angiogenic growth factor identified
by Gospodarowicz in 1975 and finally purified in 1984
by Shing from bovine pituitary [46,47]. Within 2 years,
FGF-2 was also isolated from human placenta [48].

FGEF-2 is secreted by villous trophoblasts, as well as
smooth muscle and endothelial cells of placental ves-
sels. By binding to cell-surface receptors with tyrosine
kinase activity it promotes endothelial cell prolifera-
tion and migration and stimulates the production of
collagenase and plasminogen activator, which are
needed to degrade the extracellular matrix. FGF-2
mRNA also has been detected in EVT where it is
thought to play a role in the remodeling of spiral
arteries and the elongation of the endometrial blood
vessels during pregnancy [49].

Evidence from tumor angiogenesis studies indi-
cates that FGF stimulates and potentiates angiogenic
effects by increasing VEGF expression and controlling
VEGEFR2 signaling responsiveness [50]. FGF-2 stimu-
lates vascular formation in embryoid bodies but not
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when the VEGFR2 gene is ablated. On the other hand,
inhibiting VEGF-A with antibodies or VEGF-
Traps [51] also inhibits FGF-induced angiogenesis.
Knockout of FGF-1 in embryoid bodies also leads to
impairment of VEGF expression and vascular forma-
tion which is rescued when VEGF is supplemented
exogenously. These results have brought researchers
to the conclusion that many FGF effects on vascular
formation are upstream of VEGF.

Transforming growth factor B

Transforming growth factor p (TGEp), the prototype
of a superfamily of cytokines that includes activins,
inhibins, and bone morphogenic peptides (BMP), was
originally purified from human placenta. It has pleio-
tropic effects on human placental cell differentiation
and proliferation and also for the invasiveness of
trophoblasts into the endometrium [52]. The impor-
tance of TGFp in vasculogenesis and angiogenesis is
well known and has been demonstrated in vivo and
in vitro. Knockout studies in mice of components of
the TGFp signaling pathway showed that TGFp was
important for the integrity of blood vessel walls [53].

The physiological effects of TGF, its receptors, and
modulators (e.g. endoglin) are not yet clearly defined
in placental angiogenesis

There are three isoforms of TGFp in mammalian
tissues: 1, B2, and B3 with p1 thought to play the
major role in vascular remodeling. Numerous studies
showed that all three isoforms are expressed in the
decidua and placenta; the cellular pattern of expression
differing depending on the isoform studied.

TGFpP1 and -2 proteins are expressed in tropho-
blasts and especially in EVT during all trimesters of
pregnancy, while TGFB3 protein is produced only
during the first trimester [54,55].

TGFB binds to transmembrane receptors with
serine/threonine kinase activities. Three types of recep-
tors, type L, type II, and type I11, exist as homo-oligomers,
with type II being the most important signaling recep-
tor. Phosphorylation of its serine/threonine residues
allows interaction and phosphorylation of Smad medi-
ator proteins that transduce the signal to the nucleus.

TPRIII consists of two proteins with a high degree
of sequence homology: endoglin (Eng) and betaglycan.
Their cytoplasmic domains have no kinase activity but

present numerous serine and threonine residues.
TBRIII do not appear to be required for TGFp signal
transduction but they seem to enhance the presenta-
tion of TGFp to type I and type II receptors.

Recently, there has been great interest in placental
endoglin, originally designated CD (cluster of differ-
entiation) 105. It is a homodimeric transmembrane
glycoprotein abundantly expressed by endothelial cells
and syncytiotrophoblasts [56]. Endothelial cells that
lack endoglin fail to migrate or proliferate and muta-
tions in endoglin have been associated with hereditary
hemorrhagic telangiectasia (Weber-Osler-Rendu
syndrome). Elevated concentrations of serum soluble
endoglin (sEng) are associated with PE [57,58]
(Fig. 7.4D). Several studies showed that sEng inhibits
TGEFp1 signaling, TGFp1-mediated NO synthase acti-
vation in endothelial cells, endothelial cell prolifera-
tion, and capillary formation but the exact mechanism
is not yet elucidated. As for sVEGFRI, which is postu-
lated to inhibit angiogenic activity by sequestering free
VEGEF and PIGF, sEng is hypothesized to inhibit TGFf
signaling by binding to free TGFP and preventing its
ligation to membrane receptors.

Pregnancy-related diseases and
placental angiogenesis

Placental pro- and anti-angiogenic factors are
expressed in a timely manner to regulate vasculogen-
esis and angiogenesis. Dysregulation of placental
angiogenesis often leads to pregnancy-related diseases.

Three common adverse pregnancy outcomes have
been associated with defective placental vasculariza-
tion: spontaneous abortion, IUGR, sometimes
referred to as ‘small-for-gestational age’ (SGA), and
PE. As noted elsewhere in this book, signs of PE
include gestational hypertension and proteinuria
with a wide range of severity. The placenta plays a
critical role in PE as evidenced by the fact that its
signs and symptoms disappear rapidly after the pla-
centa is removed and can occur in complete molar
pregnancies in which there is no fetal component.
The exact causes of PE are not clearly defined but
several studies of placental bed biopsies show shallow
invasion of the maternal endometrium by EVT and
reduced remodeling of the spiral arteries, which are
thought to create a hypoxic placental environment.
This hypothesis is consistent with the reported effects,
detailed above, of hypoxia on placental expression of
angiogenic growth factors and their binding proteins.
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VEGEF levels Total are increased while free PIGF levels
are decreased in the serum of women who later
develop PE compared to the serum levels of women
with normotensive pregnancy (Figures 7.4A and C).
At the same time, the anti-angiogenic factors
sVEGFRI and sEng are both increased in serum of
women with PE (Figures 7.4B and D). Some of the
differences in serum concentrations can be seen as
early as 12 weeks’ gestation, before the onset of any
clinical manifestations of PE.

Further characterization of angiogenesis in placen-
tal development will better inform clinicians and sci-
entists about healthy and pathological pregnancies.
Biomarkers of these angiogenic processes, particularly
PIGF, sVEGFR1 and sEng, promise to provide diag-
nostic and hopefully predictive non-invasive measures
to identify mothers and their fetuses at risk for PE,
IUGR, and other untoward complications (see also
Chapter 21). Prudent utilization of these biomarkers
should be based on a comprehensive understanding of
the cellular and molecular events that dictate placental
angiogenesis.

Angiogenesis biomarkers are likely to become accu-
rate predictors of human pregnancy pathophysiology

References

1. Risau W. Vasculogenesis, angiogenesis and endothelial
cell differentiation during embryonic development. In:
Feinberg RN, Sheror GK, Auerbach R, eds. The
development of the vascular system. Philadelphia: Krager;
1991: pp. 58-68.

2. Duc-Goiran P, Mignot T M, Bourgeois C, et al. Embryo-
maternal interactions at the implantation site: a delicate
equilibrium. Eur ] Obstet Gynecol Reprod Biol 1999; 83(1):
85-100.

3. Genbacev O, Zhou Y, Ludlow J W, et al. Regulation of
human placental development by oxygen tension. Science
1997; 277(5332): 1669-72.

4. Kaufmann P, Mayhew T M, Charnock-Jones D S. Aspects
of human fetoplacental vasculogenesis and angiogenesis.
II. Changes during normal pregnancy. Placenta 2004; 25
(2-3): 114-26.

5. Jones CJ, Jauniaux E. Ultrastructure of the materno-
embryonic interface in the first trimester of pregnancy.
Micron 1995; 26(2): 145-173.

6. Benirschke K, Kaufmann P. Architecture of normal
villous tree. In: Pathology of the human placenta, 4th ed.
New York: Springer-Verlag; 2000; ch 7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Ramsey EM, Martin CB Jr, Donner M W. Fetal and

maternal placental circulations: simultaneous
visualization in monkeys by radiography. Am ] Obstet
Gynecol 1967; 98(3): 419-23.

. Schuhmann R A. Placentone structure of the human

placenta. Bibl Anat 1982; 22: 46-57.

. Seval Y, Korgun E T, Demir R. Hofbauer cells in early

human placenta: possible implications in vasculogenesis
and angiogenesis. Placenta 2007; 28(8-9): 841-5.

de Groot CJ, Chao V A, Roberts ] M, Taylor RN.
Human endothelial cell morphology and autacoid
expression. Am J Physiol 1995; 268(4 Pt 2):
H1613-20.

Jauniaux E, Watson A L, Hempstock J, et al. Onset of
maternal arterial blood flow and placental oxidative
stress: a possible factor in human early pregnancy
failure. Am J Pathol 2000; 157(6): 2111-22.

Jauniaux E, Watson A, Burton G. Evaluation of

respiratory gases and acid-base gradients in human fetal
fluids and uteroplacental tissue between 7 and 16 weeks’
gestation. Am ] Obstet Gynecol 2001; 184(5): 998-1003.

Kadyrov M, Kingdom J C, Huppertz B. Divergent
trophoblast invasion and apoptosis in placental bed
spiral arteries from pregnancies complicated by
maternal anemia and early-onset preeclampsia/
intrauterine growth restriction. Am J Obstet Gynecol
2006; 194(2): 557-63.

Kurz H, Burri P H, Djonov V G. Angiogenesis and
vascular remodeling by intussusception: from form to
function. News Physiol Sci 2003; 18: 65-70.

Pijnenborg R, Vercruysse L, Hanssens M. The uterine
spiral arteries in human pregnancy: facts and
controversies. Placenta 2006; 27(9-10): 939-58.

Nanaev A, Chwalisz K, Frank HG et al. Physiological
dilation of uteroplacental arteries in the guinea pig
depends on nitric oxide synthase activity of extravillous
trophoblast. Cell Tissue Res 1995; 282(3): 407-21.

Lyall F, Bulmer J N, Kelly H et al. Human trophoblast
invasion and spiral artery transformation: the role of
nitric oxide. Am J Pathol 1999; 154(4): 1105-14.

Roy H, Bhardwaj S, Yla-Herttuala S. Biology of vascular
endothelial growth factors. FEBS Lett 2006; 580(12):
2879-87.

Yamazaki Y, Morita T. Molecular and functional
diversity of vascular endothelial growth factors. Mol
Divers 2006; 10(4): 515-27.

Sato Y, Kanno S, Oda N et al. Properties of two VEGF
receptors, Flt-1 and KDR, in signal transduction. Ann N
Y Acad Sci 2000; 902: 201-5.

Fujisawa H, Kitsukawa T. Receptors for collapsin/
semaphorins. Curr Opin Neurobiol 1998; 8(5): 587-92.



Chapter 7: Placental angiogenesis

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Soker S, Takashima S, Miao HQ et al. Neuropilin-1 is
expressed by endothelial and tumor cells as an isoform-
specific receptor for vascular endothelial growth factor.
Cell 1998; 92(6): 735-45.

Maglione D, Guerriero V, Viglietto G et al. Isolation of a
human placenta cDNA coding for a protein related to
the vascular permeability factor. Proc Natl Acad Sci

U S A 1991; 88(20): 9267-71.

Tayade C, Hilchie D, He H et al. Genetic deletion of
placenta growth factor in mice alters uterine NK cells. J
Immunol 2007; 178(7): 4267-75.

Carmeliet P, Moons L, Luttun A et al. Synergism
between vascular endothelial growth factor and
placental growth factor contributes to angiogenesis and
plasma extravasation in pathological conditions. Nat
Med 2001; 7(5): 575-83.

Park JE, Chen HH, Winer ] et al. Placenta growth
factor. Potentiation of vascular endothelial growth
factor bioactivity, in vitro and in vivo, and high affinity
binding to Flt-1 but not to Flk-1/KDR. J Biol Chem 1994;
269(41): 25646-54.

Athanassiades A, Lala P K. Role of placenta growth
factor (PIGF) in human extravillous trophoblast
proliferation, migration and invasiveness. Placenta
1998; 19(7): 465-73.

Takahashi T, Yamaguchi S, Chida K et al. A single
autophosphorylation site on KDR/FIk-1 is essential for
VEGF-A-dependent activation of PLC-gamma and
DNA synthesis in vascular endothelial cells. EMBO ]
2001; 20(11): 2768-78.

Shalaby F, Rossant J, Yamaguchi T P et al. Failure of
blood-island formation and vasculogenesis in Flk-1-
deficient mice. Nature 1995; 376(6535): 62—6.

Fong G H, Rossant J, Gertsenstein M ef al. Role of the
Flt-1 receptor tyrosine kinase in regulating the assembly
of vascular endothelium. Nature 1995; 376(6535):
66-70.

Kendall RL, Thomas K A. Inhibition of vascular
endothelial cell growth factor activity by an
endogenously encoded soluble receptor. Proc Natl Acad
Sci U S A 1993; 90(22): 10705-9.

Helske S, Vuorela P, Carpen O et al. Expression

of vascular endothelial growth factor receptors

1, 2 and 3 in placentas from normal and
complicated pregnancies. Mol Hum Reprod 2001;
7(2): 205-10.

Rajakumar A, Michael H M, Rajakumar P A et al. Extra-
placental expression of vascular endothelial growth
factor receptor-1 (Flt-1), and soluble Flt-1 (sFlt-1), by
peripheral blood mononuclear cells (PBMCs) in
normotensive and preeclamptic pregnant women.
Placenta 2005; 26(7): 563-73.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ferrara N, Carver-Moore K, Chen H et al. Heterozygous
embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 1996; 380(6573): 439-42.

Kaluz S, Kaluzova M, Stanbridge EJ. Regulation of gene
expression by hypoxia: integration of the HIF-
transduced hypoxic signal at the hypoxia-responsive
element. Clin Chim Acta 2008; 395(1-2): 6-13.

Ahmed A, Dunk C, Ahmad S et al. Regulation of
placental vascular endothelial growth factor (VEGF) and
placenta growth factor (PIGF) and soluble Flt-1 by
oxygen: a review. Placenta 2000; 21 (Suppl A): S16-S24.

Munaut C, Lorquet S, Pequeux C et al. Hypoxia is
responsible for soluble vascular endothelial growth
factor receptor-1 (VEGFR-1) but not for soluble
endoglin induction in villous trophoblast. Hum Reprod
2008; 23(6): 1407-15.

Nishimoto F, Sakata M, Minekawa R et al. Metal
transcription factor-1 is involved in hypoxia-dependent
regulation of placenta growth factor in trophoblast-
derived cells. Endocrinology 2009; 150: 1801-8.

Hunter A, Aitkenhead M, Caldwell C et al. Serum levels
of vascular endothelial growth factor in preeclamptic
and normotensive pregnancy. Hypertension 2000; 36(6):
965-9.

Levine RJ, Maynard SE, Qian C et al. Circulating
angiogenic factors and the risk of preeclampsia. N Engl |
Med 2004; 350(7): 672-83.

Taylor RN, Grimwood J, Taylor R S et al. Longitudinal
serum concentrations of placental growth factor:
evidence for abnormal placental angiogenesis in
pathologic pregnancies. Am ] Obstet Gynecol 2003; 188
(1): 177-82.

Johns J, Jauniaux E. Placental haematomas in early
pregnancy. Br ] Hosp Med (Lond) 2007; 68(1): 32-5.

Charnock-Jones D S. Soluble flt-1 and the angiopoietins
in the development and regulation of placental
vasculature. ] Anat 2002; 200(6): 607-15.

Schiessl B, Innes B A, Bulmer J N et al. Localization of
angiogenic growth factors and their receptors in the
human placental bed throughout normal human
pregnancy. Placenta 2009; 30(1): 79-87.

Zhang E G, Smith SK, Baker PN et al. The regulation
and localization of angiopoietin-1, -2, and their receptor
Tie2 in normal and pathologic human placentae. Mol
Med 2001; 7(9): 624-35.

Gospodarowicz D. Purification of a fibroblast growth

factor from bovine pituitary. J Biol Chem 1975; 250(7):
2515-20.

Shing Y, Folkman J, Sullivan R, et al. Heparin affinity:
purification of a tumor-derived capillary endothelial cell
growth factor. Science 1984; 223(4642): 1296-9.

o]



o]

Section 3: Uterine vascular environment

48.

49.

50.

51.

52.

Ribatti D, Conconi M T, Nussdorfer G G. Nonclassic
endogenous novel regulators of angiogenesis. Pharmacol
Rev 2007; 59(2): 185-205.

Ferriani R A, Ahmed A, Sharkey A et al. Colocalization
of acidic and fibroblastic growth factor (FGF) in
human placenta and the cellular effects of bFGF in
trophoblast cell line JEG-3. Growth Factors 1994; 10(4):
259-68.

Murakami M, Simons M. Fibroblast growth factor
regulation of neovascularization. Curr Opin Hematol
2008; 15(3): 215-20.

Rudge J S, Holash J, Hylton D et al. Inaugural article:
VEGF Trap complex formation measures production
rates of VEGF, providing a biomarker for predicting
efficacious angiogenic blockade. Proc Natl Acad Sci U S A
2007; 104(47): 18363-70.

Govinden R, Bhoola K D. Genealogy, expression, and
cellular function of transforming growth factor-beta.
Pharmacol Ther 2003; 98(2): 257-65.

53.

54.

55.

56.

57.

58.

Pepper M S. Transforming growth factor-beta:
vasculogenesis, angiogenesis, and vessel wall integrity.
Cytokine Growth Factor Rev 1997; 8(1): 21-43.

Bowen ] M, Chamley L, Mitchell M D et al. Cytokines of
the placenta and extra-placental membranes:
biosynthesis, secretion and roles in establishment of
pregnancy in women. Placenta 2002; 23(4): 239-56.
Jones RL, Stoikos C, Findlay JK et al. TGF-beta
superfamily expression and actions in the endometrium
and placenta. Reproduction 2006; 132(2): 217-32.
Bernabeu C, Conley B A, Vary CP. Novel biochemical
pathways of endoglin in vascular cell physiology. J Cell
Biochem 2007; 102(6): 1375-88.

Levine RJ, Lam C, Qian C et al. Soluble endoglin and
other circulating antiangiogenic factors in preeclampsia.
N Engl ] Med 2006; 355(10): 992-1005.

Luft F C. Soluble endoglin (sEng) joins the soluble fms-
like tyrosine kinase (sFlt) receptor as a pre-eclampsia
molecule. Nephrol Dial Transplant 2006; 21(11): 3052-4.



® interface

Fric Jauniaux' and Graham J. Burton?

“Centre for Trophoblast Research, University of Cambridge, UK

Introduction

Evolution for mammals living on dry land has been
closely linked to adaptation to changes in oxygen (O,)
concentration in the environment over billions of
years. O, was initially released as a by-product of
photosynthesis following the emergence of the blue-
green algae, and as atmospheric concentrations
increased it became possible to support more complex,
multicellular life forms, including the placental mam-
mals [1]. In animals, O, has become essential for
energy transformation of dietary proteins, carbohy-
drates, and fats into adenosine triphosphate (ATP).
ATP molecules are the chemical energy required to
conduct the cellular biochemical reactions essential to
cellular life including protein biosynthesis, active
transport of molecules through cellular membranes,
and muscular contractions [2].

Most of the O, used during the oxidation of dietary
organic molecules is converted into water through the
activity of Complex IV of the mitochondrial electron
transport chain. Around 1-2% of the O, consumed
escapes this process, however, and is diverted into
highly reactive oxygen free radicals (OFR) and other
reactive O, species (ROS), mainly the superoxide (O,"),
hydroxyl (OH’), peroxyl (RO,) and hydroperoxyl
(HO,) anions [2]. ROS are constantly formed as a by-
product of aerobic respiration and other metabolic
reactions. The transfer of electrons from enzymes of
the respiratory chain onto molecular O, results in the
formation of O,", at a rate dependent on the prevailing
O, tension. Due to its charge, O, is membrane imper-
meable and remains within the mitochondrial matrix
where it is detoxified by the enzyme manganese super-
oxide dismutase (MnSOD). SOD is present in all aero-
bic cells. In the cytoplasm, it is found as the copper/zinc
form (Cu/ZnSOD). These enzymes convert O, to
hydrogen peroxide (H,O,), which in turn is reduced

o , Oxygen delivery at the deciduoplacental
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to water by the antioxidant enzymes catalase (CAT) and
glutathione peroxidase (GPX). In addition to the anti-
oxidant enzymes, other molecules such as thiols, sele-
nium, ceruloplasmin, taurine, lactoferrin and
transferrin, and dietary antioxidant vitamins such as
ascorbate (C) and a-tocopherol (E) play a crucial role
in defense against ROS. When the production of OFR
exceeds the cellular natural protection, indiscriminate
damage can occur to proteins, lipids, and DNA [2].
Hence, oxygen is often referred to as the Janus gas,
having both beneficial and potentially harmful actions.

Human early pregnancy is a challenging time. The
most critical stages of embryonic development,
including implantation, gastrulation, and establish-
ment of the body plan take place before pregnancy is
even manifested by the first missed menstrual period.
Around one-third of clinical pregnancies are lost
through spontaneous miscarriage [3], most of them
within the first month after conception (6 weeks of
gestation postmenstruation). This phenomenon is
extremely rare in other mammalian species. For
those pregnancies that continue, the exterior form of
the fetus is complete and the rudiments of the major
organ systems are in place by 10 weeks of gestation [2].
Until the last two decades remarkably little was known
about the environment in which these key events take
place, or the nutritional and metabolic pathways by
which the embryo or early fetus is supported. The
situation was transformed by the advent first of high-
resolution ultrasound imaging, and subsequently of
Doppler analysis of blood flow [4,5,6,7,8,9]. For the
first time it became possible to visualize the early
placenta developing and functioning in vivo in a
non-invasive and reproducible way (Fig. 8.1). Equally
importantly, ultrasound imaging allowed guided sam-
pling and measurements to be performed from specific
and identifiable sites within the fetoplacental unit,
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Fig. 8.1 Color flow mapping of the utero and umbilico-placental circulations at 7 weeks of gestation. See plate section for color version.

enabling a series of novel physiological and biochem-
ical investigations to be performed from as early as 5
weeks of gestation [10,11,12,13,14,15,16,17]. The
results obtained have necessitated a radical reappraisal
of our understanding of early pregnancy, leading to a
reassessment of the position of the human in relation
to that of other mammals, and to a new appreciation of
the pathophysiology of the commonest complications
of human pregnancy.

In this chapter we have reviewed our work of the
last two decades on the roles and distribution of O,
inside the early human gestational sac and its impact
on our understanding of the physiology of O, metab-
olism by the fetus during the first and early second
trimesters of pregnancy.

The changing oxygen barriers of early
human pregnancy

The mammalian fetus is exposed to major fluctuations
in O, concentration from conception to delivery [1,3].
The O, tension in the oviduct and uterus of most
mammalian species ranges between 11 and 60 mmHg
which corresponds to approximately 1-9% O, [1].
These data indicate that the mammalian embryo and
early fetus develops in vivo under low O, as opposed to
the atmospheric O, tension of 21% (98 mmHg). Our
data have shown that the human fetus is no exception

to this universal rule and that the PO, measured
within the human placenta in vivo increases from
<20 mmHg at 7-10 weeks’ gestation to >50 mmHg at
11-14 weeks [18,19,20,21]. At 13-16 weeks, we found
that the fetal blood PO, is 24 mmHg, whereas during
the second half of pregnancy the umbilical vein PO,
ranges between 35 and 55 mmHg, which is relatively
low compared to PO, values found in the maternal
circulation throughout pregnancy [18,19,20,21,22].
The first trimester gestational sac has additional
barriers to materno-fetal exchange compared to the
definitive placenta of the second and third trimesters
of pregnancy. These barriers and the remodeling of the
first trimester gestational sac are closely linked to the
development of the early fetus. At the end of the first
trimester, two-thirds of the primitive placenta disap-
pears, the exocoelomic cavity (ECC) is obliterated by
the growth of the amniotic sac, and maternal blood
flows progressively throughout the entire placenta
[23]. These events bring the maternal blood closer to
the fetal tissues, facilitating nutrient and gaseous
exchanges between the maternal and fetal circulations.

The changing structure of human placental

trophoblastic barrier

The human blastocyst implants with the polar troph-
ectoderm cells overlying the inner cell mass
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establishing the initial contact with the uterine epithe-
lial cells [24]. Gradually, as the conceptus moves into
the superficial decidua, the layer of syncytiotropho-
blast extends over the whole surface, forming a com-
plete mantle. The trophectoderm of the human
blastocyst gives rise to three main cell types: the syn-
cytiotrophoblast which forms the epithelial covering
of the villous tree and is the main endocrine compo-
nent of the placenta; the villous cytotrophoblast cells
which represent a germinative population that prolif-
erate throughout pregnancy and fuse to generate the
syncytiotrophoblast; and the extravillous trophoblast
cells which are non-proliferative and invade into
the maternal decidua. Until 16 weeks of gestation, the
human placenta remains the largest tissue inside
the gestational sac and its metabolic needs remain
the highest of any fetal organ throughout the entire
pregnancy. This is largely due to the combination of
two highly energy-demanding cell processes, active
transport and protein synthesis, which each account
for approximately one-third of total placental oxygen
consumption [25]. The apical and basal membranes of
the syncytiotrophoblast are richly endowed with
amino acid and other ATP-dependent transporters
involved in active transport and the maintenance of
ionic homeostasis. Equally, the syncytiotrophoblast
produces large quantities of both steroid and peptide
hormones throughout pregnancy, with secretion of
human placental lactogen reaching 1 g per day towards
term. The tissue therefore contains a large number of
mitochondria, which are the primary source of OFR
and have been implicated in the pathophysiology of
complications such as preeclampsia [26]. In addition,
folding of nascent proteins within the endoplasmic
reticulum is an oxidative process that produces OFR
as a by-product [27]. The syncytiotrophoblast is there-
fore a major site for the production of ROS during
pregnancy.

Very little is known of the earliest stages of villous
tissue development, mainly due to the inaccessibility
of specimens. The chorionic villi, the basic structures
of the early placenta, form during the 4th and 5th week
postmenstruation [28] and surround the entire gesta-
tional sac until 8-9 weeks of gestation. Between the 3rd
and 4th month, the villi at the implantation site
become elaborately branched and form the definitive
placenta, whereas the villi on the opposite pole degen-
erate to form the placental membranes, a process that
appears to be linked with the onset of the maternal
arterial circulation to the placenta as will be discussed

later. This leaves the villi over the embryonic pole of
the chorionic sac forming the discoid definitive pla-
centa. The remainder of the chorionic membrane
becomes the smooth chorion, or chorion laeve, and
this transition is essential to allow for rupture of the
extraembryonic membranes at birth.

The villous membrane accounts for nearly 90% of
the total resistance to the diffusional exchange for O,
[29]. The rate of diffusional exchange across the villous
membrane is governed by the Fick equation, and a
morphometric estimate (Dvm) of this can be gener-
ated as follows:

Dvm(cm®.min~' . mmHg ™)

= villous surface area + capillary surface area
x K/2 x mean MTh

where K is the Krogh’s diffusion coefficient and MTh is
the harmonic mean thickness of the villous mem-
brane, which includes the trophoblast, the villous
stroma, and the endothelium of the fetal capillaries.
We found that the MTh decreases slowly before 12
weeks with values ranging between 25 and 35 um as
compared with values <10 um after 15 weeks [30].

Our experiments have shown that under ambient
conditions (20-21% O,), the first trimester syncytio-
trophoblast degenerates rapidly despite excellent via-
bility for the cytotrophoblast and stromal cell types
[31]. The degenerative changes affect the cytoplasmic
organelles and, in particular, the mitochondria and the
microvilli. We also found that syncytiotrophoblast
morphology and mitochondrial activity are retained
when tissue of 8-10 weeks is placed in low O, (2%) and
that the effects of ambient conditions are less
marked when placental tissue of 14 weeks is used.
The increase in intervillous PO,, observed between 8
and 14 weeks of gestation, is accompanied by almost
parallel increases in the activity and mRNA concen-
trations of the major antioxidant enzymes in the vil-
lous tissue [20].

Overall our data have shown that the placental
syncytiotrophoblast is extremely sensitive to oxidative
stress, partly because it is the outermost tissue of the
conceptus and so is exposed to the highest concentra-
tions of O, coming from the uterine circulation, and
partly because it contains low levels of the principal
antioxidant enzymes compared to other cell types in
the placenta [32,33]. The reason for the latter is not
understood. It may reflect depletion of the enzymes by
the high rate of production of ROS within the syncy-
tiotrophoblast described earlier. Alternatively, levels
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may be held low to enable the ROS produced to play
key roles in signal transduction pathways. Although
biological interest in ROS initially focused on their
potentially harmful properties, as described earlier, it
is now recognized that they act as important second
messengers involved in the regulation of various
homeostatic pathways [34]. In the placenta they have
also been implicated in the control of cytotrophoblast
cell fusion with the syncytiotrophoblast, for this is
perturbed in cases of trisomy 21 where there is over-
expression of the Cu/ZnSOD enzyme [35]. In this way
placental development may be linked to the prevailing
oxygen concentration. While this may be biologically
attractive, the low levels of antioxidant defenses
would appear to leave the syncytiotrophoblast pecu-
liarly vulnerable to sudden changes in the intrauterine
environment.

The rise and fall of the adnexial interface

The ECC is the largest anatomical space inside the
gestational sac between 5 and 9 weeks of gestation
and thus represents an important interface between
the placenta and the fetal tissues. Until 12 weeks, when
the amniotic membrane merges with the mesenchy-
mal face of the chorionic plate, its composition is
influenced mainly by the products of the villous troph-
oblast and secondary yolk sac (SYS) synthesis and
metabolism [12]. We found that the exo-coelomic
fluid (CF) has a lower pH, base excess, and bicarbonate
concentration than maternal venous blood, and con-
tains higher levels of CO,, lactate and phosphate, and
lower levels of protein, than the maternal serum
[10,19,21,36,37]. These findings are consistent with a
metabolic anaerobic acidotic status, which is mainly
due to the accumulation of acidic bioproducts from
placental metabolism in the ECC. We also detected
high levels of polyols in the CF, indicating that the
fetoplacental tissues may rely on primitive carbohy-
drate  metabolic  pathways involving  non-
phosphorylated sugars during early pregnancy when
the oxygen concentration is low [14].

The CF has no O, consumption and should there-
fore allow diffusion more freely than an equivalent
thickness of cells. However, as the CF does not contain
an O, carrier, the total O, content must be low. Our
in vivo experiments have shown that the mean coelo-
mic PO, is approximately 20 mmHg during the first
trimester and varies little between 7 and 10 weeks of
gestation [19,20]. An O, gradient will inevitably exist
between the source and the target. Measurements in

human patients undergoing in vitro fertilization have
shown that the PO, in follicular fluid falls as follicle
diameter, assessed by ultrasound, increases [38]. Thus,
diffusion across the ECC may be an important route of
O, supply to the fetus before the development of a
functional placental circulation, but it will maintain
the early fetus in a low O, environment. The presence
in the ECC of molecules with a well-established anti-
oxidant role such as taurine, transferrin, vitamins A
and C, and selenium support this concept [12,13]. This
may serve as an additional protection for the fetal
tissues from the potential damage by OFR released
by the maternal tissues and placental metabolism dur-
ing the crucial stages of embryogenesis and
organogenesis.

The secondary yolk sac (SYS) is known to play a
major role in the early embryonic development of all
mammals, and in laboratory rodents, in particular, it
has been demonstrated as one of the initial sites of
hematopoiesis [39]. By contrast to the arrangement in
most mammalian species, in all primates including the
human, the SYS floats within the ECC lying between
the placenta and the amniotic cavity. The SYS is
directly connected to the embryonic gut, and possesses
a rich vascular plexus at an earlier stage of pregnancy
than placental villi. The inner cells of the SYS (endo-
derm) display morphological features typical of
highly active synthetic cells and are known to synthe-
size several serum proteins in common with the
fetal liver, such as alpha-fetoprotein (AFP), alpha;-
antitrypsin, albumin, prealbumin, and transferrin
[12]. With rare exceptions, the secretion of most of
these proteins is confined to the fetal compartments.

The external layer of the SYS (mesothelial) which
lines the ECC has the appearance of an absorptive
epithelium [40]. Our data showing a similar composi-
tion of the SYS and CF suggest that there is a free
transfer for most molecules between the two corre-
sponding compartments [41,42,43,44]. We have
also demonstrated the presence of glycodelin and
a-tocopherol transfer protein in the cytoplasm of the
mesothelial layer and the presence of hCG in the yolk
sac fluid although this molecule is not synthesized by
the SYS. Around 28 days postovulation the chorionic
vasculature is connected to the vascular plexus of the
SYS via the vessels of connecting stalk, and both are
connected with the primitive heart via the dorsal aorta.
The rich vascular network of the SYS is most certainly
the first part of the fetal adnexae to be perfused when
the fetal heart starts to beat. Overall our data have
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Fig. 8.2 Histological view of the materno-placental interface (deciduochorial) showing the cytotrophoblastic cell shell (hysterectomy
specimen No H710:4 mm embryo of 6 weeks of gestation, Boyd Collection, Department of Anatomy, University of Cambridge). See plate section

for color version.

demonstrated that the human SYS plays also an
important role in materno-fetal nutrient exchange
prior to vascularization of the chorionic villi [7,8,9].
The main movement of molecules passes from the
chorionic cavity to the SYS and subsequently to
the embryonic gut and circulation. The circulation of
the SYS contains the earliest form of fetal hemoglobin,
which has a very high affinity for O,. Thus it is likely
that most of the O, molecules that diffuse through the
ECC are also picked up by the SYS circulation.

The uterine glandular nesting layer

In all mammalian species the earliest nutrition of the
conceptus is supplied by the secretions of the oviduct
and subsequently the uterus, referred to as histiotro-
phic nutrition [45,46,47]. The importance of these
secretions to normal development has been demon-
strated in the sheep, where steroidal ablation of the
endometrial glands results in failure of the conceptus
to elongate and develop [45]. The duration of the
phase of histiotrophic nutrition varies between spe-
cies, being relatively long in those with epitheliochorial
placentas where the conceptus remains within the
uterine lumen throughout gestation.

In contrast, the human blastocyst becomes com-
pletely embedded in the uterine decidua between days
6 and 9, and in the past this has been taken as indica-
tive of the end of the histiotrophic phase. The earliest
specimen from the Boyd collection that we examined
was from a 4 mm embryo, and so estimated to be of
approximately 6 weeks’ menstrual age (Fig. 8.2). We
found that the endometrium beneath the conceptus is
over 5mm thick and contained highly active glands
[46]. The distal portions of the spiral arteries are
located between the decidual glands and thus the
decidua does not constitute an additional O, barrier
between the maternal and fetal tissue at any stage
during pregnancy. However, we have demonstrated
that the glands open through the developing basal
plate of the placenta into the intervillous space, and
that MUC-1 and glycodelin A (PP14), both proteins
secreted by the uterine glands and whose mRNA is not
expressed in the placenta, are phagocytosed by the
syncytiotrophoblast [47,48,49]. We have further
shown that the cytoplasm of the glandular epithelium
is strongly immunopositive for a-tocopherol transfer
protein and so is likely to be involved in the transfer of
antioxidants in early pregnancy [13]. These findings
demonstrate that the uterine glands are an important

rl
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potential source of nutrients during organogenesis,
when the metabolism of the gestational sac is essen-
tially anaerobic and the O, tension within the fetus
must be maintained at a low level for correct cell
differentiation.

The formation of the placental
hemochorial interface

Ample dilation of the uteroplacental circulation
together with rapid villous angiogenesis are the key
factors necessary to adequate placental development
and function and subsequent fetal growth. The uterus
loses its innervation during pregnancy [50] and the
placenta and cord are not innervated at all [51]. These
findings imply that the development of a low resist-
ance to blood flow in the placental circulation is essen-
tially the result of anatomical transformations and/or
biochemically induced vasomotor mechanisms. Our
comparison of Doppler ultrasound findings with ana-
tomical and physiological features has suggested that
the establishment of high-volume-low-resistance flow
in both placental circulations is primarily the conse-
quence of the considerable increase in the diameter of
the corresponding vascular beds, the length of the
vascular network and the blood viscosity having
much smaller influences [5,6,7,8].

Development of the fetoplacental
circulation

The development of the fetal vasculature begins during
the third week post conception (5th week of preg-
nancy) with the de novo formation of hemangioblastic
cell cords within the villous stromal core [52]. During
the next few days connections form between neighbor-
ing tubes to form a plexus, and this ultimately unites
with the allantoic vessels developing in the connecting
stalk to establish the fetal circulation to the placenta.
Around 28 days postovulation (6 completed weeks
post-menstruation), the villous vasculature is con-
nected with the primitive heart and the vascular plexus
of the yolk sac via the vessels of connecting stalk [28].

Around the end of the 5th week of gestation, the
primitive heart begins to beat and this pivotal phe-
nomenon has been documented in utero as early as
36 days menstrual age [53]. From 6-9 weeks there is a
rapid increase of the mean heart rate to a plateau in the
second and third trimesters [8]. The fetoplacental cir-
culation is theoretically established from around

8 weeks of gestation. However, it is questionable
whether there is significant circulation through these
early villous vessels and between the primitive placenta
and the developing fetus during the first trimester. We
and others have shown that the vast majority (>90%)
of the fetal erythrocytes are nucleated at this stage [8].
These primitive erythrocytes are poorly deformable,
ensuring that the resistance to flow is high and sug-
gesting that a significant flow between the placenta and
the fetus is only established towards the end of the first
trimester, when the proportion of nucleated erythro-
cytes falls rapidly. This also supports our concept that
most of the exchanges between the maternal and fetal
circulation between 5 and 10 weeks take place via the
ECC and the SYS [3], which has a much shorter
pathway.

Development of the uteroplacental
circulation

The human uterine vasculature is made of a complex
vessel network which anastomoses with branches of
the ovarian and vaginal arteries to establish a vascular
arcade perfusing the internal genital organs [54]. The
tortuous ascending uterine artery gives off approxi-
mately 8-10 arcuate branches which extend inwards
for about one-third of the thickness of the myome-
trium and envelop the anterior and posterior walls of
the uterus. From this network arise the radial arteries
followed by the spiral arteries which enter the decidua.
In addition to these main arteries, small basal arteries
arise from the radials, which vasularize the basal layer
of the endometrium in the non-pregnant uterus.

The basis of the adjustment of the maternal pla-
cental flow rates is the transformation of the uterine
vasculature which is associated with the peripheral
widening of the supplying arteries by tissue growth
and remodeling of the arterial wall. It is a gradual
process which starts at implantation and which
is then linked to the trophoblastic infiltration
of the endometrium and superficial myometrium.
Anatomical and radiographic studies including ute-
rine perfusion experiments have demonstrated that
the uterine vascular network elongates and dilates
steadily throughout pregnancy [55].

When the blastocyst attaches to the uterine wall,
trophoblastic cells infiltrate the decidua from the pro-
liferating tips of the anchoring villi and from the
trophoblastic shell [56,57,58]. These cells can be first
found both within and around the spiral arteries in the
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central area of the placenta. They gradually extend
laterally, reaching the periphery of the placenta around
mid-gestation. Depth-wise the changes normally
extend as far as the inner third of the uterine myome-
trium within the central region of the placental bed,
but the extent of invasion is progressively shallower
towards the periphery.

Human placentation is also characterized by a
remodeling of the spiral arteries. The architecture of
their decidual and myometrial parts is disrupted with
the loss of myocytes from the media and the internal
elastic lamina and these essential arterial components
are progressively replaced by fibrinoid material
[56,58,59]. In normal pregnancies, the transformation
of spiral arteries into uteroplacental arteries is
described as being completed around mid-gestation.
The main aim of these vascular changes is to optimize
the distribution of maternal blood into a low-
resistance uterine vascular network and ultimately
inside the placental intervillous chamber. However,
the physiological conversion may not be so important
in terms of volume of intervillous blood flow but it
may play a pivotal role in affecting the quality of that
flow in terms of the perfusion pressure, the pulsatility
and rate of blood flow, and the consistency of the flow.

Establishment of the intervillous circulation

For the authors of many ancient anatomy textbooks,
the onset of the maternal circulation inside the pla-
centa starts immediately after implantation when con-
nections are established between the maternal
capillaries, derived from the tips of the spiral arteries,
and the trophoblast lacunae in between the primary
stem villi. This is often indirectly evidenced by the
appearance of erythrocytes within the lacunae,
although Hertig and Rock remarked that they were
not as numerous as might be expected if a true mater-
nal circulation was established soon after implantation
[24]. Boyd and Hamilton found no evidence of a true
circulation inside the very early placenta and con-
cluded in their book that a free circulation in the
intervillous space is established late [28]. Whether
these erythrocytes circulate through the lacunae is
impossible to tell from static histological images, but
if so any flow can only be of a slow capillary nature.
The work of Hustin and Schaaps has suggested that
maternal arterial connections are only permanently
established with the placenta at the end of the first
trimester [60]. Our studies combining anatomical
and in vivo investigations have confirmed that

human placentation is in fact not truly hemochorial
in early pregnancy [5,8,23]. Our review of the Boyd
collection [46] of hysterectomy specimens with preg-
nancy in situ also demonstrated that soon after
implantation, the extravillous trophoblast not only
invades the uterine tissues but also forms a continuous
shell at the level of the decidua [46]. The cells of this
shell anchor the placenta to the maternal tissue but
also form plugs in the tips of the uteroplacental arteries
(Fig. 8.2). The shell and the plugs act like a labyrin-
thine interface that filters maternal blood, permitting a
slow seepage of plasma but no true blood flow into the
intervillous space. This is supplemented by secretions
from the uterine glands, which are discharged into the
intervillous space until at least 10 weeks [47,48,49].
The materno-placental interface is therefore better
described as being of a deciduochorial nature during
the first trimester.

The intervillous circulation in the definitive hemo-
chorial placenta has been referred to as an open system
compared to other circulatory beds where the blood is
retained within arteries, through capillary beds to
veins [61,62]. Because the spiral arteries open into
essentially a large lake of blood and the intervillous
space does not impose any impedance to flow, the
human placenta has been considered to act as a large
arteriovenous shunt. Recent data based on a combina-
tion of sonographic in vivo investigation, vascular
casting and O, measurements have demonstrated con-
clusively that extensive shunting occurs within the
myometrium under the placental bed [63]. Whether
the formation of these shunts is related to trophoblast
invasion is not clear, but they are not observed in the
opposite wall of the uterus.

At the end of the first trimester, we found a burst of
oxidative stress in the periphery of the early placenta
[23]. The underlying uteroplacental circulation in this
area is never plugged by the trophoblastic shell allow-
ing limited maternal blood flow to enter the placenta
from 8-9 weeks of gestation. We hypothesized that
this leads to higher local O, concentrations at a stage of
pregnancy when the trophoblast possesses low con-
centrations and activities of the main antioxidant
enzymes superoxide dismutase, catalase, and gluta-
thione peroxidase. We believe that focal trophoblastic
oxidative damage and progressive villous degeneration
trigger the formation of the fetal membranes [32],
which is an essential developmental step enabling vag-
inal delivery in humans. Confirmation that there are
striking regional differences in villous morphology at
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this stage of gestation has come also from our exami-
nation of archival placenta-in-situ specimens from the
Boyd collection [46]. In a specimen of approximately
60 days’s gestation the villi over the superficial pole of
the chorionic sac (chorion laeve) were shorter than
those on the deeper surface in contact with the decidua
basalis, and were enmeshed in maternal erythrocytes.
They were also avascular, consistent with down-
regulation of angiogenic factors by hyperoxia, and
the syncytiotrophoblast was thin and devoid of micro-
villi. By comparison, villi over the deep pole (chorion
frondosum or definitive placenta) contain well-
developed blood vessels and display a healthy two-
layered trophoblastic covering. In later specimens,
superficial villi regress further, being represented
only by ghost-like structures with a collagenous core
and a thin covering of trophoblast. We also found that
the villi of the chorion laeve of a normal pregnancy are
identical to the villi of the entire placenta in missed
miscarriages where there is well demonstrated prema-
ture and excessive entry of maternal blood inside the
placenta [64,65,66,67].

Conclusions

Overall our data have confirmed that the human pla-
centa is not truly hemochorial until the end of the first
trimester. Rather it is deciduochorial, being supported
by tissue fluids and endometrial secretions. We have
shown that it is essential that the placenta limits the
transfer of O, between the mother and her fetus, but
also to itself, until it has the enzyme battery necessary
to metabolize the amount of free radicals normally
found in adult tissues. The establishment of both the
uteroplacental and the umbilical circulation has to
concur with the placental capacity of dealing with the
results of its own O, metabolism. The establishment of
the maternal arterial circulation inside the placenta
represents a major challenge to an ongoing pregnancy,
most likely second only to that of implantation.
Tapping into a high-pressure, high-velocity system is
potentially hazardous, and recent evidence indicates
that this must be carefully coordinated in order to
succeed.

We found that the early placental villi are highly
sensitive to oxidative stress, and this appears to be
another major fa