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Preface

Most obstetricians and pediatricians would agree that the examination of the placenta
often helps to explain an abnormal neonatal outcome. As early as in 1892, Ballantyne
wrote,

A diseased foetus without its placenta is an imperfect specimen, and a description
of a foetal malady, unless accompanied by a notice of the placental condition, is
incomplete. Deductions drawn from such a case cannot be considered as conclu-
sive, for in the missing placenta or cord may have existed the cause of the disease
and death. During intrauterine life the foetus, the membranes, the cord and the
placenta form an organic whole, and disease of any part must react upon and
affect the others.

Similar thoughts were succinctly detailed in Price’s (1950) discussion of his concept
of the prenatal biases as they affected twins. His contribution also admonishes us
that placental study is a sine qua non for a more perfect understanding of fetal
development. Despite all this understanding of the past and appreciation for placen-
tal disease, great resistance still exists to perform the task of placental examination
routinely. For many pathologists, therefore, the placenta has remained a mysterious
organ.

This book had its beginning in 1967 when Shirley G. Driscoll and Kurt Benirschke
wrote the volume on placental pathology for the German Handbook of Pathology,
the “Henke-Lubarsch.” Because there seemed to be a need for wider dissemination
of the text, this book was reprinted by Springer-Verlag New York but soon became
unavailable. Since then, a number of books on placental pathology have been written,
in French, English, and German (Philippe, Baldwin, Fox, Lewis and Perrin, Lavery,
Gall, Kraus et al., Naeye, Becker and Rockelein, Vogel, Kaplan, and Joshi), and much
more interest has been accorded this so readily available but poorly studied organ.
The journal Placenta has become a significant outlet for results from sophisticated
placental studies. Regular trophoblast conferences are being held in Rochester, New
York, and European and international meetings were organized. Much other new
information has been obtained, and the continuing enigma of placental nonrejection
has been tackled by numerous investigators. In addition, the availability of the pla-
centa for biochemical study has stimulated many cell biologists and molecular biolo-
gists to use this organ as a convenient source of human tissue. Genetic information
now adds to our understanding of the complexity of placental function and other
issues. Also, because much interest is developing in comparative placentation, a new
Web site may be found at http://medicine.ucsd.edu/cpa.

This fifth edition is being written because so many new findings have come from
systematic study in the last few years that updating seemed necessary. Moreover,
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there is a great need to have documentation for legal purposes as the placenta has
become an important aspect of medicolegal adjudication of circumstances around
the time of birth. The organization of the previous edition also left some topics
uncovered that are now being corrected. Many changes have been made throughout
the book. Not only was the text updated, but also a more complete index was created,
the order of chapters is presented more logically, and tables are presented more use-
fully. The text was written with MSWord. A complete set of diskettes with the refer-
ences can be made available from the authors, if the reader desires.

I (K.B.) am indebted to many people, foremost to my wife for her understanding
and patience with me and with this task; the publishers and many of its staff members
have been gracious and patient; my colleagues at the university, and other persons
who have all helped gather data, are gratefully acknowledged. Many students and
colleagues have graciously read most chapters and they have made many helpful
suggestions and corrections, for which I am appreciative. There are some colleagues,
however, whose inspiration have helped more than others: Marjorie Grafe; the dys-
morphologists Kenneth L. Jones, his wife Marilyn, and their numerous fellows as well
as neonatologist Frank Mannino; and ultrasonographer Dolores Pretorius, who con-
tinues to challenge me and requires that I provide explanations for perinatal deaths
and abnormalities. Having examined all placentas of all deliveries in the institutions
with which I was affiliated over the past five decades, I have gathered a large amount
of material to digest. Most of all, however, I am grateful to Dr. Geoffrey Altshuler,
Oklahoma City, for many stimulating discussions and endless patience with me and
his friendship.

PXK. gratefully acknowledges the scientific cooperation of many former and present
coworkers: Mario Castellucci, Ayse Demir, Hans-Georg Frank, Hitoshi Funayama,
Gabriele Gaus, Berthold Huppertz, Mahmed Kadirov, Sonja Kertschanska, Gaby
Kohnen, Georg Kosanke, Azizbek Nanaev, Frank Reister, and the late Gertfried
Schweikhart. Many of my data are based on their material, their findings, and their
ideas. Also, many colleagues and friends from other laboratories have contributed by
discussion and by offering technical help. In this respect I am particularly grateful to
Ramazan Demir, Gernot Desoye, Jean-Michel Foidart, John Kingdom, Hubert Korr,
Rudolf Leiser, Peter Ruck, Hobe Schroder, Tullia Todros, and the late Elizabeth
Ramsey. In many cases it is virtually impossible to differentiate between their and
my ideas.

These chapters do not only require scientific inspiration but also much artistic,
technical, and secretarial work. The artistic help of Wolfgang Graulich and the
photographic assistance of Gaby Bock as well as of Helga Kriegel are gratefully
acknowledged. The histologic and electron-microscopic pictures are based on
material processed by Marianne von Bentheim, Barbara Thnow, Michaela Nicolau,
Lian Shen, and Uta Zahn. Perfect secretarial assistance was provided by Jutta
Ruppert.

The collaboration of all these coworkers and friends was the basis for my contribu-
tion. Last but not least, I am very much indebted to my wife for her support and
understanding.

Kurt Benirschke, MD
La Jolla, California

Peter Kaufmann, MD
Aachen, Germany

Rebecca Baergen, MD
New York, NY
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Examination of the Placenta

Macroscopic Examination

Most placentas are normal, as are most babies. Therefore,
an examination of all placentas may not be warranted,
although this has been advocated repeatedly. Practical
guidelines, including indications for the examination have
been published by the College of American Pathologists
(Langston et al., 1997). This reference describes in tabular
form the major abnormalities and their association with
clinical features. Booth et al. (1997) inquired what reasons
constituted the submission of a placenta for examination
and found, regrettably, that it was cesarean section deliv-
ery. This is hardly a good reason, as will be seen. A large
number of surgical deliveries are repeat sections and
have little impact on perinatal problems for which pla-
cental examination might be useful. Altshuler and Hyde
(1996), on the other hand, found that 92% of placentas
for which an examination was requested by obstetrician
or neonatologist had relevant pathology. Salafia and
Vintzileos (1990) made a strong plea for the study of all
placentas by pathologists. We concur with this view, as the
sporadic examination does not provide sufficient training
for young pathologists and it does not allow the “routine”
pathologist to obtain sufficient background knowledge as
to what constitutes a truly normal placenta. Another
reason for the examination of all placentas is today’s liti-
gious climate;it makes study of placentas highly desirable
(see Chapter 26). Furthermore, it has been shown repeat-
edly that a placental examination is needed to under-
stand the causes of perinatal deaths. This wasdemonstrated,
especially for stillbirths, by the study of Las Heras et al.
(1994). The most important lesions were found in the
umbilical cord (18%), with inflammatory lesions being
second. Altshuler (1999) wrote a searching essay on the
placenta-related epidemiology from his vast experience
in these matters. Because placentas differ widely in shape,
size, and in appearance, the novice must become familiar
with this spectrum of placental shapes. To do so, a large
number of placentas must be examined routinely. In

hospitals with large numbers of deliveries, however, it
may be prudent to select placentas for examination by
the pathologist.

Storage

To facilitate the practice of saving placentas for a week,
storage is required so that placentas are available when
needed. The American College of Obstetricians and
Gynecologists (ACOG), on the other hand, has suggested,
surprisingly, that the routine study of the placenta is
not warranted (ACOG, 1991), a decision with which we
strongly disagree. Placentas should net be frozen prior to
examination, as this obliterates the most useful histologic
characteristics and makes even the macroscopic examina-
tion more difficult. We believe that formalin fixation has
a similar unwanted effect. It is best to store the delivered
placentas in containers, such as plastic jars. We have found
ice cream cartons, made from Styrofoam, the most conve-
nient and least expensive. Cardboard containers absorb
the fluids, and the placentas tend to stick to them. These
containers can also be readily labeled and stored in a
refrigerator at 4°C. In this state, the placenta is preserved
for a meaningful examination for many days. Autolysis is
minimal. We cannot agree with the opinion of Naeye
(1987) that this storage causes significant artifacts that
render a subsequent examination difficult. Indeed, the
immediate fixation of the organ in formalin, recom-
mended by others (Bartholomew et al., 1961) as a good
means to evaluate the extent of infarction, makes the
placenta more difficult to evaluate critically, aside from
the storage problems, expense, and odor. Prior fixation
also makes tissue culture, bacteriologic examination, and
other procedures more difficult or impossible. For maximal
convenience, it is a good idea to have a refrigerator with
seven shelves, labeled Monday through Sunday, and to
discard the normal placentas from one shelf when the
next similar weekday arrives. In this way, all placentas
from problem births will be available for study.



The placenta loses some weight during storage. In part,
the loss is due to evaporation, but most weight is lost by
leakage of blood and serum occasioned by the weight of
placental tissue resting on other portions. The quantity of
weight loss depends on the length of storage and the
degree of edema, but the edema is not great in the normal
placenta. It is most significant in the edematous placentas
of hydrops. We have observed a 180-g fluid extravasation
from a 740-g placenta within 1 day from a hydropic pla-
centa. The freshly examined placenta is thus softer,
bloodier, and thicker than one that has been stored. On
the other hand, it must be noted that the placenta gains
weight when it is stored in formalin, particularly during
the first day of fixation. Not all organs increase in weight
uniformly after such fixation, as the detailed report by
Schremmer (1967) specified. The placenta, according to
this author, gains between 0.7% and 23.0%, with an
average of +9.9%. It is among the organs with the largest
deviations in weight gain after fixation. Our own findings
are summarized in the graph shown in Figure 1.1.

Selection

Placentas from all prematurely delivered infants and all
twins should be examined routinely, at least macro-
scopically, and many of them require histologic study as
well. In addition, many circumstances arise during the
first few days of life of an infant where the neonatologist
is interested in placental findings. These often help to
clarify whether a particular disease had a prenatal onset.
Furthermore, there are some maternal conditions that
warrant placental examination, for example preeclamp-
sia, the condition known as lupus anticoagulant, diabetes,
fever, and many more. In our routine study of placentas,
the obstetricians and neonatologists alert us as to which
placentas they believe warrant more scrutiny, and thus
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perhaps 5% to 10% of all placentas undergo histologic
examination in our hands.

Photography

A photographic record is often desirable and is useful for
many purposes. Most pathology laboratories are equipped
with cameras that can take Kodachrome color pictures,
which are then valuable for teaching purposes. It has
been our experience, however, that colors tend to disap-
pear, and certainly these photographs cannot generally
be retrieved years later when they may be of interest in
litigation or review of material. Nowadays, digital photog-
raphy has become such a routine procedure and storage
of the digital images has become so easy that much more
photography of specimens is desirable and practiced. The
photographic task is generally quickly accomplished. Col-
leagues have often been amused by this recommendation,
but they agree that a good picture is worth a lot of words,
especially when it comes to litigation.

Examination

Detailed protocols for the examination of the placenta
have been presented in the past (Snoeck, 1958; Benirschke,
1961a,b; Gruenwald, 1964; Fox, 1997). Some protocols
were designed to allow an unbiased examination of the
placenta and record keeping by the many different medi-
cal centers of the Collaborative Study so that, ultimately,
correlations could be made regarding fetal outcome.
Our routine procedure now is to select for histologic study
those that appear abnormal or whose perinatal circum-
stances demand such an examination. The selection
process just outlined has been helpful, and we have rarely
missed a placenta that was of importance. Other recom-
mendations for a “triage” of placental study and other

FiGure 1.1. Weight gain of placenta (trimmed,
without cord or membranes) after formalin
fixation.
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Ficure 1.2. Instruments found to be most practical
for the placental examination: scissors, forceps, “dip-
stick” to measure the thickness of placental tissue,
and a long, stiff knife.

ramifications come from a joint conference held in 1990
(Travers & Schmidt, 1991). That volume provides useful
information on many aspects of placental pathology.

The tools for the examination are simple (Fig. 1.2).
They consist of a ruler, a long and sharp knife, a toothed
forceps, a pair of scissors, and a scale. Our ruler is perma-
nently mounted over the cutting board, thus enabling
rapid measurement of the length of the umbilical cord
and the placenta’s diameter. A butcher’s scale with remov-
able bucket that weighs items up to 2kg is also available.
The long knife, best obtained from a butcher supply
house, is sharpened just before examination.

The placenta is removed from its container. At this
time one often perceives rather characteristic odors. For
instance, when a mother has recently eaten garlic, the
intense smell of its diallyl sulfides is readily apparent.
Also, in infected placentas the fetid smell of Escherichia
coli and the rather sweeter smell of Listeria monocyto-
genes can be distinguished by an experienced pathologist.
Storage in the refrigerator enhances the growth and
hence the recognition of these organisms.

The shape of the placenta is then ascertained by stretch-
ing it flat on the cutting board. Is it normally round or
oval? Are there accessory (succenturiate) lobes? Is a
question now answered? One finds that, during the deliv-
ery, the membranes have generally inverted over the
maternal surface (Schultze procedure) and rarely are
they found in the position they held in utero (Duncan)
(Pritchard et al., 1985). They are then inverted by the
examiner so that they assume the in utero configuration,
and one next ascertains the completeness of the mem-
branes. It is also noted at this time if the tear that allowed
the infant to escape from its membranous enclosure
extends to the edge of the placenta or if free membranes
extend beyond the edge. If there is any margin of intact
membranes, this placenta could not have been a placenta
previa, provided it was from a vaginal delivery. If the edge
of the membranous tear is far from the placental border
(often the case with circumvallate placentas), a fundal

position can be deduced. Torpin and Hart (1941) made
the point that when the minimally disturbed sac is
immersed in a bucket of water the sac assumes the con-
figuration of the uterus, and that its position before birth
can be reasonably accurately determined by this study. At
this time it is prudent to inspect the color and appearance
of the fetal surface of the placenta. Normally it is shiny,
and the subjacent blood is seen as a clear blue hue, par-
ticularly in the immature organ. When chorioamnionitis
is present, the membranes become opaque by the inter-
position of leukocytes, and the surface usually loses its
sheen. Greenish discoloration betrays either meconium
(slimy) or hemosiderin deposition.

Next the membranes are cut off the edge of the pla-
centa with the knife. If one anticipates making sections
of the placenta for histologic study, it is wise to follow a
routine protocol for doing it, as it enhances subsequent
interpretation. Therefore, it is recommended that one get
used to doing it one way, once and for all. It is preferable
to cut the membranes off in such a manner that one
knows the point of rupture; then, when sections are made,
the membrane roll is prepared in such a fashion that the
point of rupture is in the center of the roll with the
amnion inward (Fig. 1.3). This method of preparing a roll
of membranes (the “jelly roll”), in order to obtain a
maximum amount of membranes with decidua capsularis,
was first described by Zeek and Assali (1950). In imma-
ture placentas, there may be a large amount of decidua,
and it is often ragged. In more mature organs the decidua
atrophies and often it degenerates. Occasionally, one
finds an intrauterine device in this decidua capsularis,
usually at the edge of the placenta and associated with
old clot and debris (Figs. 1.4 and 1.5). Frequently, there
are areas of brown to green discoloration in the mem-
branes that are from former hemorrhages, or they may
have been induced by amniocentesis.

In many placentas that come from patients after labor,
in contrast to those after cesarean section, the amnion is
disrupted or sheared off the underlying chorion. In fact,
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FiGure 1.3. Rolling of membranes for fixation and later section-  ceeding toward the edge of the placenta, as shown at left. A
ing. It is best to prepare them in a standardized fashion, for segment is then taken from a well-rolled portion (center) and
example, amnion inside, starting at the site of rupture and pro- is fixed for a day (right) before trimming.

Ficure 1.4. Edge of the placenta (right) with an intra-
uterine device embedded in degenerating decidua
(partly removed) and old blood clot.

FiGURE 1.5. Intrauterine devices at the placental margin at term (left) and in a slightly immature (right) pregnancy. Note the
attending hemorrhagic degeneration of the adjacent tissues.
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the amnion may be totally detached. Often, though, there
is milky, white vernix caseosa that has dissected under-
neath the amnion; it is readily moved about by pressure.
It has no significance. Moreover, the membranes near the
edge of the placenta frequently contain the remnant of
the yolk sac, a small white to yellow oval disk that is
located underneath the amnion. The yolk sac of early
stages of development can now be visualized ultrasono-
graphically. Measurements have shown that the size of
the yolk sac is variable, and that it is not a useful prog-
nosticator of fetal well-being (Reece et al., 1988). Occa-
sionally, one sees remnants of tiny vessels traversing from
it to the insertion of the cord, or even within the cord.
The color of the membranes is noted, as are the surface
characteristics. A slimy feeling is often the result of meco-
nium discharge, as is a green color. The length of time of
meconium discharge can be estimated by the presence of
green discoloration in different layers. When it is only in
the amnion, this suggests a short time interval, when
meconium is found also in the chorion after the amnion
is stripped off, a longer interval has passed since dis-
charge (Miller et al., 1985). We found that after 1 hour
the meconium macrophages are visible within the amnion;
after 3 hours they may be seen in the chorionic mem-
brane. At even later times it reaches the decidua capsu-
laris. Greenish or brownish discolorations in immature
placentas are more often due to blood breakdown
products (hematoidin, hemosiderin) following hemolysis,
rather than due to meconium. Hemosiderin can be stained
with the Prussian blue method for iron, and the bilirubin
of meconium stains (poorly) with bile stains. The very
immature fetus cannot discharge meconium, lacking the
hormonal maturation for intestinal propulsion (Lucas
et al., 1979). The surface of the membranes, the amnion,
is normally shiny. Around the insertion of the cord, one
may find squamous metaplasia in the form of concentric
nodules that are hydrophobic (Fig. 1.6). They are normal

FiGURE 1.6. Squamous metaplasia of amnion in concen-
tric patches, usually found near the insertion of the
umbilical cord. The plaques are water-repellent.

features. Amnion nodosum, usually represented by a
finely granular, dull appearance of the amnionic surface,
correlates with oligohydramnios. One must be cognizant
of whether the amnion is present at all and, if not, whether
amnionic bands exist. Also, often some blood has dis-
sected underneath the amnion during delivery or espe-
cially when fetal blood has been aspirated for diagnostic
tests from the fetal surface blood vessels.

The placenta is next measured, and then the cord is
examined. Is it central, eccentric, marginal, or membra-
nous (velamentous) in its insertion? What is its length,
and is it spiraled? We now believe that the length of the
umbilical cord is determined primarily by fetal move-
ments and that excessive spiraling implies unusual fetal
motions (Moessinger et al., 1982). There may be a genetic
component to the spiraling and the length, as the umbili-
cal cords of some animals have different and consistent
lengths; but this characteristic is so far unknown for
human umbilical cords. Are there knots, thrombi, or dis-
colorations? Can any other unusual features be detected?
The cord is then severed from the bulk of the placenta,
and its cut surface is studied at several locations. The most
important observation to be made here is whether there
are three vessels and if other unusual features are present.
A single umbilical artery (SUA) is the commonest abnor-
mality. One must also appreciate that there is almost
always an anastomosis (Hyrtl’s anastomosis) between the
two umbilical arteries, which is usually found near the
point of insertion on the placental surface (Priman, 1959).
Thus, counting the number of vessels is best done farther
away from the insertion. When a velamentous insertion
of the cord is found, the examiner must pursue the rami-
fications of the fetal vessels after they leave the site of
cord insertion, at times finding thrombi, and particularly
in membranous vessels. These vessels may be disrupted,
as in vasa previa, and acute exsanguination of the fetus
is common in such circumstances.



The weight of the remaining disk is ascertained. It is
generally useless to know the weight of the entire organ,
including cord and membranes. Correlations with fetal
weight and development can be made only by knowing
the “net” weight of placental tissue (Walker, 1954;
Gruenwald & Minh, 1961). Excessive amounts of mater-
nal, retroplacental clots must also have been removed
before weighing. Note again that the weight of formalin-
fixed placentas is greater than that of fresh organs (Fig.
1.1) (Schremmer, 1967). Variations in normal placental
weight are common. They reflect mostly the length of
storage and the amount of fetal blood content.

When studying the fetal surface of the placenta, one
notes its color and the possible presence of granular
excrescences. Most importantly, however, one must care-
fully inspect the fetal vessels, which are carried in the
chorion; the amnion has no blood vessels. In nearly all
placentas, one can recognize the fetal arteries as those
vessels that cross over the veins (Hyrtl, 1870; Bacsich &
Smout, 1938; Boe, 1953; Crawford, 1962). It will be
observed that the terminal branches of arteries dip singly
into a cotyledon; and next to it, a vein emerges to return
the blood to the cord (Fig. 1.7). One often finds thrombi
in these vessels in placentas of abnormal newborns. They
appear as white-yellow streaks on the vessel’s surface and
are usually not completely occlusive. When they are, an
area of hemolysis is often seen adjacent to the throm-
bosis. Thrombi may also calcify. They must be sampled for
histologic study.

The fetal surface of the mature placenta is often
described as being “bosselated” or “tessellated,” meaning
that tiny white elevations are present underneath the
chorion, giving the surface a mosaic, irregular pattern.
These protrusions represent accumulations of fibrin in
the intervillous space and they increase in number with
advancing maturity. Larger patches of fibrin also exist; at
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times they have a liquefied center, but they are assumed
to be of little significance (Geller, 1959). In our experi-
ence, however, larger subchorionic thrombi are abnormal
and occasionally associated with fetal growth restriction.
Cysts from the subchorionic extravillous trophoblast cells
(“X-cells”) may bulge on the surface and contain a clear,
slightly viscid mucoid substance. At times it is discolored
with blood. Finally, the insertion of the membranes is
observed. Was it at the edge, or was there a ring of
“circumvallation™?

When the placenta is turned over then, thus exposing
the maternal surface, the first need is to identify possible
areas of abruptio placentae. When an abruption is fresh,
one may not be able to differentiate it from the normally
present postpartum maternal blood clot that adheres.
Within a few hours, though, the blood dries, becomes
firmer and stringy, and then changes color to brown and
eventually it may become greenish. In such cases, the
placenta underneath the clot is usually infarcted or it is
at least compressed. Abruptios are common, and most
are clinically silent. Most are located at the margin of the
placenta; and on occasion one finds old clot behind the
membranes. Calcification on the maternal surface is then
sought: small yellow-white granules in the decidua basalis
and septa. Calcifications vary a good deal in quantity;
they are usually found only in mature organs. The quan-
tity has no clinically important correlations (Fujikura,
1963a.b; Jeacock et al., 1963), but clinicians have paid
much attention to the recognition of calcification. It may
be detected by sonography and has served as a method
to “grade” (age) the placenta (Fisher et al., 1976). This is
rarely done now as it has not been found to be helpful.
At this point one also observes the cotyledons, the major
subdivisions of the placental tissue. They increase in size
and differentiation with advancing gestation, being absent
early. One needs to ascertain now whether all of the

Ficure 1.7. Entrance of fetal vessels on the chorionic
plate into the cotyledon. One artery (large arrowhead)
brings the fetal blood; the vein (small arrowhead) next to
it returns it to the fetus.
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placental “floor” is present or whether there are missing
cotyledons. If no cotyledonary subdivisions exist in the
mature placenta, then the floor is often too thick and it
may be infiltrated with an excess amount of fibrin. This
condition is known as maternal floor infarction (MFI)
and is best noted at this time (Naeye, 1985).

Long, parallel cuts are now made with the long knife
and, most importantly, the color of the villous tissue is
observed. The red color of the villous tissue is almost
wholly determined by its content of fetal blood. Thus, a
congested placenta (as in maternal diabetes, for instance)
is dark, and that of an anemic, hydropic, exsanguinated,
or erythroblastotic fetus is pale, and it is usually also
much more friable. Such a placenta is also commonly
thicker, 3 to Scm, in contrast to the normal placenta,
which averages 2.0 to 2.5cm at term.

It is normal to find “holes” in the center of many pla-
cental cotyledons (Fritschek, 1927). Such holes were
filled, in vivo, with maternal blood and represent the
areas of first blood distribution into the intervillous space
from the maternal injection jet. Intervillous thrombi,
often located in these spaces, may be dark when fresh;
alternatively, they are composed of layered white fibrin
when older. The intervillous thrombi differ from infarcts
in that they displace villous tissue. Furthermore, infarcts
are granular in contrast, because they are composed of
dead villous tissue. Fresh infarcts are red, and older ones
are yellow to white. When sectioning the placenta, one
also finds that the intercotyledonary septa contain some
calcium, and often they contain some cystic spaces filled
with trophoblastic secretion, the same clear mucoid mate-
rial as contained in surface cysts. They too arise from
extravillous trophoblast cells. Occasionally, one encoun-
ters round tumors of a solid nature, chorioangiomas.
“Gitterinfarcts” or “Netzinfarcts,” because they appear to
form a network of fibrin, accompany maternal floor
infarction. They may be prominent, appear as dense fibrin
patches throughout the organ, and have great clinical
significance. It is a good practice to estimate the total
amount of infarction and to record it; in fact, it is ulti-
mately of some importance and may have medicolegal
implications in infants with growth retardation. Single
marginal infarcts are common and do not correlate with
either fetal or maternal conditions. Other lesions are
occasionally seen. Thus, some lesions that appear grossly
as “infarcts” may turn out to be choriocarcinoma on his-
tologic study (Driscoll, 1963).

Placentas of Multiple Births

Placentas of multiple births are important records for
infants and pediatricians alike, and they are routinely
examined. A recording of the membrane relation between
twins, triplets, and so on is mandatory. For meaningful
analysis it is necessary that the umbilical cords be labeled

with sutures or clamps by the obstetrician, in the order
of births. The most important decisions to be made in
examining placentas of multiple births are (1) the number
of membranes that divide the sacs (two or four) and (2)
the types of vascular anastomoses that are generally
present only in monochorionic twin placentas (Schatz,
1886). Fraternal (dizygotic) twins essentially always have
diamnionic/dichorionic (DiDi) placentas. Fused placen-
tas, however, are not always monochorionic. They may
be DiDi and they may be diamnionic/monochorionic
(DiMo). Finally, there may be no “dividing membranes”
between the fetuses, as in the monoamnionic/monocho-
rionic twin placenta (MoMo). All monochorionic twin
placentas belong to monozygotic (MZ; identical) twins.
The time at which MZ twins separated one from another
during the early embryonic stages presumably determines
the type of placentation that ultimately develops, and this
can thus be estimated from an examination of the mem-
brane relation. It is easiest, but not necessarily best, to
separate the dividing membranes from each other. If
there are four distinctive leaves, it is a DiDi placenta,
whereas if only two membranes are apposed it is a DiMo
placenta. Equally readily, the diagnosis of a DiDi twin
placenta is made by ascertaining that the dividing mem-
branes are opaque and contain remnants of old vessels
or other debris (old decidua, degenerated villi). Also, in
DiDi placentas one usually finds a ridge at the site where
the membranes meet over the placenta. It is caused by
the buckling of tissues from the collision of the two
expanding placental tissue masses. The dividing mem-
branes of DiMo placentas, in contrast, are transparent.
The diagnosis of membrane relationship is easiest and
most permanently established by a histologic section of
a membrane roll of this tissue, or by a T-shaped section
that includes this area (Fig. 1.8).

The location of the cord insertion is especially impor-
tant in twin placentas, as it is much more frequently mar-
ginal or membranous than in singletons; this may reflect
some problems in early placental development. More-
over, the absence of one umbilical artery (single umbilical
artery, SUA) is more common in multiple births (Heifetz,
1984).

After the membrane relation is established, the “vas-
cular equator,” that is, the area where the two chorionic
vascular districts meet, is examined. In DiDi placentas,
there is never a confluence of fetal blood vessels; if one
were found, it would be exceptional and would be the
basis for the exceedingly rare blood chimerism in frater-
nal twins. It must be cautioned here that ascertainment
of a DiDi relation does not make the diagnosis of frater-
nal twins. Approximately one third of identical twins have
this placentation (discussed in greater detail in Chapter
25). In monochorionic placentas (DiMo, MoMo), there
are almost always some anastomoses, particularly in the
prematurely delivered placentas. These anastomoses have



a great influence on the well-being of the developing
fetus (Benirschke, 1961b; Bejar et al., 1988). They take
three forms: artery to artery (AA), vein to vein (VV), and
artery to vein (AV). The latter is doubtless the most
important and is the basis for the twin-to-twin transfusion
syndrome (TTTS). It must here be remembered that
arteries lie on top of veins and that they are thus readily
identified macroscopically. An arteriovenous (AV) anas-
tomosis carries the blood of one twin, through a coty-
ledon in a one-way direction, from one twin to the other.
Often the various types of anastomoses coexist, and the
consequences for fetal development may be different
depending on the arrangements that are present. When
in doubt, one injects the vessels in question with colored
water or milk, all being readily available in obstetrical
suites. Only the most sophisticated studies require injec-
tion with plastics (Panigel, 1962). Injection of vessels has
presented some problems for novices. First it must be
remembered that most placentas have suffered some dis-
ruption during delivery, especially the immature twin
placentas. Thus, only small, selected districts should be
injected, and this should be done only after the umbilical
cords have been cut off in order to reduce resistance.
Before injecting one should seek to identify by careful
inspection those areas that seem most profitable for the
injection study. Large interarterial anastomoses (com-
mon) may be identified by one’s ability to push blood
back and forth from one side to the other. When one
attempts to demonstrate the areas that reflect shared
cotyledons, as in the transfusion syndrome, one best uses
a 20-mL syringe and a large (15-gauge) blunt needle. This
is inserted into an arterial branch a short distance away
from the prospective site and gradually one then fills the
area with water or milk. The cotyledon will first rise and,
when completely filled, it will empty into the vein that
drains the cotyledon. Itis also advisable to make a drawing
or photograph of the anastomotic arrangements among

1. Examination of the Placenta

Ficurke 1.8. Preparation of a “T section” of the meeting
point of the dividing membranes in twin placentas.

multiple placental vascular districts, just to have them
available for the record.

Examination of the maternal surface and of other
parameters of the placentas of twins follows that of the
regular protocol. It must be borne in mind that when the
blood content of twins differs considerably it may be
reflected in the macroscopic placental examination as
well. One portion of such a twin placenta may be severely
congested and larger, with the other being pale and
smaller. This condition is present when only one AV anas-
tomosis exists. Here, in the classical mechanism of the
transfusion syndrome, one twin constantly loses blood
through this one-way AV shunt, whereas the other
becomes plethoric. Usually, it leads to hydramnios, pre-
mature birth, and disparate birth weights of these “identi-
cal twins.” It must be recognized, however, that differences
in neonatal hemoglobin content of monochorionic twins
may also occur acutely, when large AA and VV anas-
tomoses exist. Thus, after the delivery of one twin, the
other twin may “bleed” through anastomoses if the cord
of the delivered twin is not promptly clamped. Likewise,
when one such twin dies in utero, significant shifts of
blood may occur from the live twin through such large
anastomoses into the relaxed vascular bed of the deceased
twin. Finally, it is our practice to dissect the two halves of
the twin placenta at the site of the vascular equator in
order to determine the placental weight of each twin.
Higher multiple births are handled the same way.

Fixation

The pathologist is used to fixing tissues for histologic
study in 10% formalin solution (a 1:10 dilution of the
commercial 40% formaldehyde) and there is no need to
make an exception with the placenta. For routine histo-
pathology we prefer Bouin’s solution, however, because
it makes embryonic and placental tissue considerably
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harder and allows one to trim the tissue more readily
before embedding. After a membrane roll is made with
the help of the forceps, it is also much easier to trim this
jelly roll when Bouin’s solution, rather than formalin, has
been used. Bouin’s solution is made by preparing a satu-
rated solution (1.2%) of picric acid in water and adding
40% formaldehyde solution and glacial acetic acid in pro-
portions of 15:5:1. After overnight fixation, the tissue is
ready to be trimmed. The solution has the additional
benefit of decalcifying fetal tissues. Prolonged storage of
tissues in Bouin’s solution makes them very hard.

Carnoy solution is a useful alternative if immediate
fixation is required directly after delivery and if obstetri-
cians refuse the use of formaldehyde in the vicinity of the
delivery room. This fixative is composed of 60 mL abso-
lute ethanol, 30mL chloroform, and 10mL glacial acetic
acid. It guarantees good structural preservation, provided
that the thickness of the tissue blocks does not exceed 3
to 4mm.

Many other fixatives have been used. Jiricka and
Preslickova (1974) made a detailed study of seven solu-
tions and evaluated the effect for the staining character-
istics with different dyes. They found that none is ideal
for all purposes, so the fixative must be chosen that gives
the best results for a specific reason. The authors pre-
sented this information in tabular form, and the article
must be consulted if optimal results are to be obtained.

Ideally, the sectioned slices, when Bouin-fixed, are
immersed in a saturated lithium carbonate solution
before embedding. This step is not absolutely required,
but it helps to remove extraneous pigments. Moreover,
some intervillous blood is lysed, and pigments derived
from blood (“formalin pigment,” acid hematin) are more
frequently present when lithium carbonate is omitted.
Note, however, that occasionally the use of Bouin’s fixa-
tion is disadvantageous. For instance, Altshuler and Hyde
(1985) reported that infection with fusobacteria was less
readily appreciated after Bouin’s fixation than when for-
malin was used. Furthermore, Bouin’s solution is not
useful for fixation when the purpose is to conduct immu-
nohistochemical or in situ hybridization studies (Gleich,
personal communication, 1989). Today many immunohis-
tochemical studies can be carried out on paraffin sections,
such as the demonstration of most cytoskeletal proteins,
extracellular matrix molecules, and several proliferation
markers (Frank et al., 1994). For all these purposes we
suggest the fixation in 4% neutral buffered formaldehyde
solution for a maximum of 24 hours followed by paraffin
embedding not exceeding 60°C. Possible flow cytometry
is also more readily done with such material.

Another important issue is the manner of tissue han-
dling prior to fixation. The time and the mode of cord
clamping (Bouw et al., 1976), the ischemic period before
onset of fixation (Voigt et al., 1978; Kaufmann, 1985), as
well as the composition of the fixative (Kaufmann, 1980)

may well influence the distention of the fetal vascular bed
and the width of the intervillous space (see tables in
Chapters 15,17, 18, and 19). We recommend particularly
for all studies concerning the pathology of the fetop-
lacental vessels (e.g.,in cases with Doppler high resistance
index) that a strictly standardized sampling and fixation
protocol be used. If this is not done, false impressions of
such conditions as chorangiosis may be obtained.

Other techniques may also require special handling, as
for instance in the studies by Becker and Bleyl (1961) on
toxemia. They employed fluorescence microscopy of
villi to understand their different composition in this
disease.

It is the recommended practice to save at least one
section of umbilical cord, a membrane roll, and three
pieces of placental tissue for histologic examination. Of
course, having more sections of umbilical cord available
for histological study isideal, as an inflammatory response,
thrombi, and other features are not always uniformly dis-
tributed throughout the length of the umbilical cord. Pre-
paring more than one piece of placental tissue for
histologic study is also desirable because so many areas
of the placenta show histologic variations. Thus, one can
much better determine the existence of inflammatory
lesions and is less apt to overlook changes that are not
ascertained macroscopically. Moreover, one must obtain
sections from the more normal portions of the placenta
as well. Although the pathologist is used to sampling
abnormal areas for histologic study, it is not desirable to
take only abnormal areas of the placenta. Indeed, almost
all infarcts are histologically alike, and since they also
have a typical macroscopic appearance, they are rarely
worth the trouble of histologic study, except that the
sections provide verifiable evidence of the existence of
infarcts. It is much more important to save normal-
appearing placental tissue for microscopy. One must
sample both the fetal and maternal surfaces in order to
include some fetal surface blood vessels. Because it is
generally impossible to anticipate from macroscopic
inspection whether chronic villitis and many other lesions
exist, it is better to preserve too much than too little in
the fixative. It goes without saying that unusual-appearing
areas must also be sampled.

For histologic examination, we prefer the hematoxylin
and eosin (H&E) stain. On many occasions, however, it
is useful to employ special stains, such as elastica prepara-
tions, bacterial and spirochete stains, periodic acid-Schiff
(PAS) preparations, and specific immunohistochemical
stains that disclose the presence of viruses (e.g., cyto-
megalovirus and herpes antigens) as well as specific pro-
teins [e.g., human chorionic gonadotropin (hCG), human
placental lactogen (hPL), major basic protein (MBP),
cytokeratin, vimentin, fibrin, proliferation markers] (see
Chapter 3). These tests have given much insight into the
distribution of various placental tissue components, the
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REPORT OF PLACENTAL EXAMINATION

1. Examination of the Placenta

NAME of PATIENT:........cccevevvrrennn. Path. #.............
Unit #.............
HISTORY .ttt ettt ettt ettt et estess e st essessesaessessessessessessessessensassassas
INFANT ettt ettt et s et se e s eseeseessessessensensensenes
Macroscopic:
WEIGHT (disk only).......... g Formalin-fixed.......Fresh.......
SIZE....x...... X.....cm
CORD: INSERTION: Central..... Eccentric:........ cm from margin
Marginal....Velamentous.....Vasa previa...........
Vessels: 3...2... Thrombosis: Yes...No...Knots:........... Twists: Right...Left....
MEMBRANES: Marginal..... Circumvallate..... Color: Green.....Opaque.....Normal.....
Point of rupture from margin:......cm
Amnion nodosum.........
SURFACE VESSELS ...ttt ettt ettt et beste st
TWINS: Yes....No...... HIGHER MULTIPLES.:.......ccccoteteieieieieieieeeieieee e
DiDi.....DiMo.....MoMo
Describe......vveevieierieiieeeieeeeeeae ANASEOMOSES. ...eeuveeereerereeieeieseresseesseesesssesseensenns
MATERNAL SURFACE: Intact: Yes....No.... Calcification: Marked....normal....no
Color:.......... (Normal?)....... (Pale?)........
Abruptio: Yes.... No...... Size........ cm Old.....Recent.......
CUT SURFACE: Infarct..... % of total placenta.... Old..... Recent....
TUMORS ...ttt
OTHER ..ottt ettt ettt s be ettt et e benbesbesbesbean
IMICTOSCOPIC: 1t vtvivirvististestesieste et stesbe bt sbe e bt sbesbesbe e st sbesbesaeeseeseeseeseeseeseententeseenseneeneensens
DIAGNOSIS:
Pathologist
Pictures taken? Yes....... (Color.....B&W....... Digital.....) No........

Ficure 1.9. Example of a report form to use during placental examination.

sites of hormone production, and the involvement by
organisms as well as other pathologic processes. The
report form that we use during placental examination is
reproduced in Figure 1.9.

Special Procedures

The placenta can serve as a good source of tissue for
chromosome analysis. This is especially true when the
fetus is macerated. One proceeds best by disinfecting
the amnion with some alcohol and then stripping the
amnion off a portion of placental surface. For the purpose

of taking the biopsy from chorion, sterile instruments
are recommended. A small piece of chorion, ideally with
a bit of fetal surface vessel, is best for the purpose of
establishing a tissue culture. The biopsies are placed
into tissue culture medium with antibiotics and trans-
ferred to the laboratory. Touch preparations of amnionic
surface or from the undersurface of the amnion may
be useful for the identification of bacteria or leukocytes.
It is of parenthetic interest that Jauniaux and
Campbell (1990) showed that many structural abnormali-
ties of the placenta can already be anticipated from
sonography.
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2

Macroscopic Features of the

Delivered Placenta

The full-term, delivered placenta is, in more than 90% of
the cases, a disk-like, flat, round to oval organ. In nearly
10% it has abnormal shapes, such as placenta bilobata,
placenta duplex, placenta succenturiata, placenta zonaria,
and placenta membranacea (Torpin, 1969). The average
diameter is 22 cm, the average thickness in the center of
the delivered organ 2.5cm, and the average weight 470¢g
(see Chapter 28, Table 28.1). The respective measure-
ments show considerable interindividual variation and
strongly depend on such factors as the mode of birth,
timing of cord clamping (see Chapter 28, Table 28.8), and
time elapsed between delivery and examination.

Fetal Surface

The fetal (chorionic or amnionic) surface, facing the
amnionic cavity, has a glossy appearance because of the
intact epithelial surface of the amnion. This membrane
covers the chorionic plate, including the chorionic vessels.
The latter branch is a star-like pattern positioned cen-
trifugally from the cord insertion over the fetal surface
(Fig. 2.1, left). Where arteries and veins cross, the arterial
branches are usually closer to the amnion; they cross the
veins on their amnionic aspect. Wentworth (1965)
reported that only about 3% show the opposite condi-
tion. According to Boyd and Hamilton (1970), the super-
ficial position of one or few venous branches at points of
arteriovenous crossing is not unusual.

In the vicinity of the larger chorionic vessels, the cho-
rionic plate normally has an opaque appearance because
an increased number of collagen fibers accompany the
vessels. Those areas of the chorionic plate located between
the chorionic vessels are mostly transparent and are dark
lilac to black because maternal blood in the intervillous
space shines through. Opaque spots (bosselations) or
large opaque areas independent of chorionic vessels
usually point to large subchorionic deposits of Langhans’
fibrinoid.

Near the placental margin, where the most peripheral
branches of the chorionic vessels bend vertically toward
the marginal villous trees, the transparency of the cho-
rionic plate decreases, resulting in a largely incomplete,
opaque subchorial closing ring that is a result of increased
amounts of cytotrophoblast and collagen fibers (see
Chapter 9). It connects the placenta with the membranes.
In the case of a particularly broad and prominent sub-
chorial closing ring, the specimen is called a placenta
marginata. A placenta circumvallata is formed when the
closing ring is peripherally undergrown by villous trees.
In such cases, it does not represent the outermost margin
of the placenta;rather, the membranes insert superficially
from the fetal surface of the placenta.

Placental shape and cord insertion are sometimes
regarded as structurally impressive but functionally unim-
portant parameters. Becker (1989) stressed that both are
influenced by the intrauterine position of the placenta.
According to Schultze (1887), the location of the cord
insertion represents the epicenter of implantation. Eccen-
tric or marginal cord insertion thus points to an eccentric
implantation on the anterior or posterior uterine wall,
which causes asymmetrical development of the organ for
mechanical and nutritional reasons.

Maternal Surface

The uterine (maternal) surface of the placenta is opaque,
as it is an artificial surface originating from laminar
degenerative processes within the junctional zone that
led to the separation of the organ. This separation process
subdivides the junctional zone between placenta and
uterine wall into

e the basal plate, which is attached to the placenta and
represents the maternal, uterine surface of the organ;
and

e the placental bed, which remains in utero.
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FiGure 2.1. Apical (left) and basal (right) views of a freshly
delivered, mature human placenta. Note the slightly eccentric
insertion of the umbilical cord, which is the most usual location.
The chorionic arteries (white because of postpartum injection

The basal plate and the maternal surface of the placenta
could not be identified before placental separation in the
in situ specimens that were fixed before the onset of labor
(see Chapter 4, Fig. 4.7). It is composed of a hetero-
geneous mixture of trophoblastic and decidual cells
embedded into prevailing amounts of extracellular debris,
fibrinoid, and blood clot.

An incomplete system of grooves subdivides the basal
surface of the placenta into 10 to 40 slightly elevated areas

2. Macroscopic Features of the Delivered Placenta

of milk) cross over the corresponding veins (dark). The basal
surface (right) is subdivided into placental lobules of varying
size by an interrupted net of dark grooves. x 0.4.

called maternal cotyledons (lobes or lobules) (Fig. 2.1,
right; Fig. 2.2). Internally, these grooves correspond to the
placental septa, folds of the basal plate, which project into
the intervillous space (see Fig. 4.7). In histologic sections,
the septa can often be seen to be indented at their basal
surfaces. It is likely that these grooves and the respective
basal indentations of the septa are the postpartal results
of tearing at sites of minor mechanical resistance, as the
basal central parts of the septa are often characterized by

FiGure 2.2. Basal view of the placenta, drawn in combination
with a radiograph of the same placenta after injection of a radio-
paque medium into the fetal vessels. The borderlines of the pla-
cental lobules (maternal cotyledons, red stippled) are marked by
red lines corresponding to the grooves. The radiographic projec-
tions of 29 villous trees are represented by blue stippled areas.
This combination demonstrates a fairly good harmony of villous
trees and maternal lobes. One to three villous trees (fetal cotyle-
dons) are projected on one lobe (maternal cotyledon). (Source:
Kaufmann & Scheffen, 1992, with permission; based on photo-
graphs by Boyd & Hamilton, 1970.)
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necrotic zones, clefts, and local pseudocysts. Despite their
possibly artifactual genesis, the grooves delineate the
lobes and mark the position of the septa. As is described
in Chapter 9, the septa must not be misunderstood as
separating structures that subdivide the intervillous space
into chambers; rather, they are irregular pillars or short
sails that only trace the lobular borders.

The lobes show fairly good harmony with the position
of the fetal cotyledons. From the chorionic plate at term,
60 to 70 villous stems arise, each branching into one
villous tree (or fetal cotyledon) (see Fig. 4.7 and Chapter
7,Fig.7.18). Thus, according to Boyd and Hamilton (1970)
and Kaufmann (1985), each lobe is occupied by one or
several villous trees. When a radioangiograph of the
villous trees is projected onto a basal view of the same
placenta (Fig. 2.2), the borderlines of the lobes usually
coincide with the borderlines of single villous trees or
small groups of trees. Small marginal lobes are likely to
be occupied by only a single villous tree and thus corre-
spond to what Schuhmann and his group (1981) described
as representing a placentone.

The Terms Fetal Placenta and
Maternal Placenta

In describing human placentation, terms such as fetal
placenta and maternal placenta must be avoided because
they are misleading and often cause misinterpretation.
This point may become important as soon as morphologi-
cally inexperienced biochemists, endocrinologists, and
others isolate respective parts of the organ, then place
trust in their putative and designated origin, and draw
functional conclusions.

A typical example is the questionable interpretation
that maternal tissues (decidua) may produce human pla-
cental lactogen (hPL). The basal plate, often erroneously
referred to as “maternal placenta,” is not exclusively
composed of maternal cells but rather represents a color-
ful mixture of trophoblastic (fetal) and endometrium-
derived (maternal) cells. And only the fetal, trophoblastic
cells secrete hPL.
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A corresponding warning is necessary regarding the
placental bed. It is often thought to represent only
the maternal remains of the placental site after separa-
tion of the placenta. Trophoblastic streamers deeply
invade the endometrium, however, and even penetrate
the myometrium. They remain in utero long after delivery
and can be found as fetal admixtures in the placental
bed.

The term “fetal placenta” is also inappropriate. With
the possible exception of central parts of the chorionic
plate, there are no placental structures for which the pure
fetal composition can be ensured. The marginal zone of
the chorionic plate contains decidua, and the same is true
for parts of the cell islands and septa. Because the latter
may be attached to the villous trees, one is never certain
that preparations of it are devoid of maternal tissues,
even if we disregard maternal blood and fibrinoid depos-
its that are partly maternal blood clot products.

References

Becker, V.. Plazenta. In, Pathologie der Plazenta und des
Abortes. V. Becker and G. Rockelein, eds., pp. 1-155. Springer-
Verlag, Berlin, 1989.

Boyd, J.D. and Hamilton, W.J.: The Human Placenta. Heffer,
Cambridge, 1970.

Kaufmann, P: Basic morphology of the fetal and maternal cir-
cuits in the human placenta. Contrib. Gynecol. Obstet. 13:
5-17,1985.

Kaufmann, P. and Scheffen, I.: Placental development. In,
Neonatal and Fetal Medicine-Physiology and Pathophysiol-
ogy, Vol. 1. R. Polin and W. Fox, eds., pp. 47-55. Saunders,
Orlando, 1992.

Schuhmann, R.: Plazenton: Begriff, Entstehung, funktionelle
Anatomie. In, Die Plazenta des Menschen. V. Becker, T.H.
Schiebler and F. Kubli, eds., pp. 199-207. Thieme Verlag,
Stuttgart, 1981.

Schultze, B.S.: Uber velamentdse und placentale Insertion der
Nabelschnur. Arch. Gynikol. 30:47-56, 1887.

Torpin, R.: The Human Placenta. Thomas, Springfield, IL,
1969.

Wentworth, P.: Some anomalies of the foetal vessels of the
human placenta. J. Anat. 99:273-282, 1965.



3

Microscopic Survey

For the beginner in placental histology and histopathol-
ogy, paraffin sections of the organ look confusing because
they contain not only a broad variety of differently struc-
tured villi but many nonvillous structures as well. This
chapter introduces those basic histologic features that
leap to the eye when inspecting a paraffin section and
thus provides a quick orientation for the inexperienced
reader. For this purpose we have selected a collection of
conventional photographs from routine histologic sec-
tions,of routine quality. Labeling of the figures is explained
in the text. For further reading concerning the various
structures, we refer the reader to later chapters. For quan-
titative data, see Chapter 28, Table 28.1.

Ideally, the routine histologic examination of the human
placenta requires vertically oriented sections that cover
all placental structures from the chorionic plate, via the
intervillous space down to the basal plate (Figs. 3.1 and
3.2). Such sections are easily obtained from most second
and third trimester placentas, as well as from the rare in
situ specimens obtained by hysterectomy in the first tri-
mester (Fig. 3.1). Tissue biopsies from legal interruptions
are in most cases less ideal for good survey pictures;
usually the basal plate together with neighboring tissues
such as septa, anchoring villi, and cell columns are either
absent or at least difficult to identify because they are
destroyed and mixed up among the villi.

Typical Histologic Features of the First
Trimester Placenta

Complete and well-preserved survey sections of the first
trimester placenta, such as this vertical section of an in
situ specimen from the 6th week postmenstruation (p.m.)
(Fig. 3.1A), cover the following structures: chorionic plate
(Fig. 3.1B), intervillous space surrounding the placental
villi (Fig. 3.1C-F), cell islands (Fig. 3.1G), and the basal
plate (Fig. 3.1J-M) from which a septum (Fig. 3.1H) pro-
trudes into the intervillous space; some anchoring villi are
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connected via cell columns to the septum (Fig. 3.1H) or
to the basal plate (Fig. 3.1I).

In Figure 3.1A, the intervillous space (see Intervillous
Space as Related to the Villous Trees in Chapter 7) is the
diffuse space that is surrounded by the chorionic plate on
the one side and the basal plate on the other. From
the 13th week on, it contains ample maternal blood, the
volume of which increases to about 100 to 200 mL at term.
Up to the 12th week p.m. only little maternal blood has
been found in the intervillous space; limited maternal
circulation of the intervillous space is probably caused by
intraluminal plugs of trophoblast cells within the utero-
placental vessels (see Basal Plate in Chapter 9). The
maternal blood flows around the villous trees, cell islands,
septa, and fibrinoid deposits. In early pregnancy, the mean
width of the intervillous space (between neighboring
villi) usually amounts to several hundred micrometers.

In Figure 3.1B, the histologic specimens of the first tri-
mester chorionic plate (see Chorionic Plate in Chapter 9)
is devoid of amnion as this membrane is only superficially
attached to the chorionic plate and is usually removed
during preparation. Occasionally, pieces of amnion can
be found curled up or upside down somewhere at the
section’s margin. As it is a regular constituent of most
third trimester survey sections, the chorionic plate is
discussed in the next part of this chapter (see Typical
Histologic Features of the Third Trimester Placenta;
Fig. 3.2A.B).

If the amnion is missing, as it is in this case, the surface
of the chorionic plate (toward the fetus) is covered by an
inconspicuous, incomplete layer of mesothelium. It
follows a thick layer of chorionic mesoderm in which the
chorionic branches of the umbilical vessels are embed-
ded. Toward the intervillous space, the surface is covered
in the early stages by a layer of syncytiotrophoblast,
which with progressing pregnancy is replaced by fibrinoid
(Fig. 3.2C).

Figure 3.1C: The tree-like arranged placental villi arise
from the chorionic plate and protrude into the
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intervillous space, the villous trophoblastic surface being
bathed directly by maternal plasma or blood. The tropho-
blastic surface of the villi is composed of an outer con-
tinuous layer of villous syncytiotrophoblast beneath
which is a discontinuous layer of villous cytotrophoblast
(Langhans’ cells) (see Villous Cytotrophoblast in Chapter
6). The villous cytotrophoblast represents the proliferat-
ing stem cells for the syncytiotrophoblast that forms the
decisive maternofetal transport barrier. The relative
number of Langhans’ cells decreases toward term.

The stroma of the villi is composed of the fetal
vessels, which are embedded in a mixture of fixed
connective tissue cells, macrophages, and connective
tissue fibers. Throughout the first 2 months of pregnancy,
nucleated red blood cells are a regular finding inside the
fetal villous vessels (see Nucleated Red Blood Cells in
Chapter 12).

In Figure 3.1D, very early in gestation, the central stems
of the villous trees show signs of fibrosis around larger
central vessels that gradually achieve the structural char-
acteristics of arteries and veins. The superficial stromal
layer has an unfibrosed, reticular appearance (see
Development of Stem Villi in Chapter 7; also see Figs. 7.4
and 8.3 to 8.6). Arrows indicate the syncytial sprouts
(Fig. 3.1F). Before the 8th week p.m., even the largest villi
show a homogeneous mesenchymal stroma that is
mostly not fibrosed and is devoid of the reticular struc-
ture; arteries and veins are absent also (see Figs. 8.1
and 8.2).

Figure 3.1E: Most of the large, bulbous villi of the
first and second trimesters are the immature intermediate
villi with reticular stroma and without stromal fibrosis.
The fixed connective tissue cells surround channel-like
spaces within the reticular stroma (Fig. 3.1J; see Imma-
ture Intermediate Villi in Chapter 7). These channels
contain stromal macrophages (Hofbauer cells) that are
easily identifiable by their rounded shape and their
vacuolated or granular cytoplasm (see Hofbauer Cells in
Chapter 6).

In Figure 3.1F, the peripheral branches of the immature
intermediate villi are the mesenchymal villi (see Mesen-
chymal Villi in Chapter 7). They usually have diameters
of 60 to 200mm, are characterized by a dense cellular
stroma, and do not possess many fetal vessels or collagen
fibers. Peripherally, the mesenchymal villi extend into
syncytial sprouts (see Development of the Mesenchymal
Villi in Chapter 7), representing syncytiotrophoblastic,
multinucleated structures. Very often the sprouts appear
as dark cross sections (Fig. 3.1D) that seemingly do not
contact villous surfaces.

Syncytial or trophoblastic sprouts are the first steps in
the formation of new villi. They are invaded by mesen-
chymal stroma and by fetal capillary sprouts and thus
transform into mesenchymal villi. Later, the mesenchy-
mal villi grow in size and achieve the typical structure of
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immature intermediate villi (see Development and Fate
of Immature Intermediate Villi in Chapter 7). For a
description of the structural aspects of syncytial knotting
and sprouting, see Syncytial Knotting in Chapter 15; for
histopathologic significance see Control of Villous
Development in Chapter 7, and Chapter 14.

In Figure 3.1G, a cell island as globular accumulation
of extravillous trophoblast cells adheres to several villi
(see Cell Islands in Chapter 9). They are directly continu-
ous with villous cytotrophoblast in places where the
villous syncytiotrophoblast is interrupted. Parts of the
surfaces of these islands may be covered with plaques of
syncytiotrophoblast. The extravillous trophoblast cells
are usually embedded in matrix-type fibrinoid (see the
following discussion, and Fibrinoid in Chapter 9). Cell
islands are the still proliferating remainders of the free-
floating primary villi from early pregnancy stages that
never have been excavated by villous stroma.

In Figure 3.1H, a placental septum protrudes as
veil-like extension of the basal plate into the inter-
villous space. They are rudimentary walls that are unable
to completely subdivide the intervillous space into
separate chambers. Structurally they show the same
composition as the basal plate, as they contain mostly
extravillous trophoblast cells and sometimes also some
decidual cells. Very often, anchoring villi can be seen
attached to the septa. In this stage of pregnancy they
belong to the mesenchymal or immature intermediate
type of villi. Cross sections of tips of septa look like
cell islands and can be confused with the latter. For
further information see Septa and Cell Islands in
Chapter 9.

Figure 3.11: Anchoring villi are peripheral villi that
are connected to the basal plate or placental septa (see
Fig. 3.1H) via cell columns. They stabilize the position of
the villous trees in the maternal intervillous bloodstream.
For development see Early Villous Stages in Chapter 5.
Cell columns are the trophoblastic feet of the anchoring
villi. In early stages of pregnancy they consist of several
layers of proliferating extravillous cytotrophoblast
serving as a proliferative source of villous as well as of
basal plate cytotrophoblast (see Extravillous Trophoblast
in Chapter 9).

Figure 3.1J: The basal plate is the bottom of the
intervillous space and represents that part of the mater-
nofetal junctional zone that adheres to the delivered
placenta (see Basal Plate in Chapter 9). The basal portion
of the maternofetal junctional zone, which adheres to
the myometrium and remains in utero after delivery, is
called the placental bed. The basal plate is composed of
an admixture of extravillous trophoblast cells, various
endometrial stromal cells, decidual cells, uteroplacental
vessels, and endometrial glands, all embedded in ample
fibrinoid that makes up the glossy to fibrillar ground
substance.



Ficure 3.1. Typical features of the first trimester placenta as
seen in paraffin sections following hematoxylin and eosin
(H&E) staining. All specimens are from the 6th week postmen-
struation (p.m.), except when otherwise stated. For details, see
the text. A: Vertical survey section of an in situ specimen, 6th
week p.m. The marked frames refer to the following detailed
pictures. x20. B: Chorionic plate. v, vein; arrowheads, mesothe-
lium; me, chorionic mesoderm; arrows, incomplete layer of syn-

cytiotrophoblast. x100. C: Surface of an immature intermediate
villus with trophoblast and a fetal vessel (V) containing nucle-
ated red blood cells. s, syncytiotrophoblast; arrowheads, cytotro-
phoblast.x400.D:Transitional form of an immature intermediate
villus to become a stem villus (18th week p.m.). a, artery; v, vein;
1, reticular stroma; fs, fibrous stroma; arrows, sprouts. x100. E:
Immature intermediate villus showing characteristic reticular
stroma with macrophages (arrowheads). x400.



FiGure 3.1. F: Mesenchymal villus (m) arising from an imma-
ture intermediate villus (i) and extending into syncytial sprouts
(ss). x400. G: Cell island (ce) attached to some villi.
x100. H: Placental septum (ps) connected to a villus (av) by a
cell column (cc). x200. I: Anchoring villus (av) connected to
the basal plate by a cell column (cc). x200. J: Surface of the
basal plate showing extravillous trophoblast cells (arrowheads)
embedded in fibrinoid (10th week p.m.). x100. K: Deep part of

the basal plate showing a uteroplacental vein (uv) surrounded
by extravillous cytotrophoblast (ec) and decidua (dc) (37th
week p.m., similar to the first trimester situation). x140. L:
Multiple cross sections across a spiral artery (sa), the wall of
which is replaced by fibrinoid (arrowheads). x100. M:
Endometrial glands (eg) of the junctional zone embedded in
endometrial stroma (es). X200. For further details see the text.
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Extravillous trophoblast cells (see also Fig. 3.1K) is the
summarizing term for all trophoblast cells located outside
the villi—in the chorionic plate, cell islands, septa, basal
plate, cell columns, and membranes. Apparent inhomoge-
neities within the population are mostly the result of dif-
ferent stages of proliferation and differentiation. Those
cells resting on the basal lamina facing the chorionic
mesoderm (chorionic plate, membranes) or the villous
stroma (cell columns, cell islands) are the proliferating
stem cells (Langhans’ cells), whereas the nonproliferating
extravillous trophoblast cells, which have lost contact to
the basal lamina represent more highly differentiated,
invasive daughter cells of the former (see Extravillous
Trophoblast in Chapter 9). Histologically, extravillous
trophoblast cells appear as rounded to polygonal or
spindle-shaped cells that may be isolated or grouped in
strings; they differ from decidual cells in that, in paraffin
sections, most of the cell bodies show nuclear cross sec-
tions (see Figs. 3.1K and 3.2L).

In Figure 3.1K, decidual cells are enlarged endometrial
stromal cells that have elongated, partly branched bodies.
Neighboring decidual cells are usually arranged in paral-
lel, resulting in a peculiar histologic appearance. All the
cellular sections in one area have the same shape, which
is round, ellipsoid, or longitudinal (see Fig.3.2L), depend-
ing on the sectional angle. Because the cell body is elon-
gated, cross sections of the ovoid nuclei are rarely found
(see Decidua in Chapter 9). Uteroplacental veins are
endothelial tubes, surrounded by few regressive medial
and adventitial cells, embedded in decidua and extravil-
lous trophoblast cells; the latter rarely invade the venous
walls and never the venous lumina (see Uteroplacental
Vessels in Chapter 9).

In Figure 3.1L, uteroplacental arteries (spiral arteries)
traverse the basal plate in spiral turns and connect the
maternal uterine arteries to the intervillous space. Because
of their shape, usually several cross sections are found
close together (see Uteroplacental Vessels in Chapter 9).
In contrast to the uteroplacental veins, the endothelial
lining of the uteroplacental arteries is largely replaced by
intravascular trophoblast, a special form of extravillous
trophoblast. These cells may form large plugs that narrow
or even occlude the arterial lumen (not shown). Arterial
media and also the adventitia are replaced by trophoblast
cells and fibrinoid, the latter substance also forming the
immediate surrounding of most arteries.

In Figure 3.1M, in the depth of the basal plate, remain-
ders of endometrial glands can be found. These are
regular findings throughout the first 2 months of preg-
nancy, forming round to star-shaped lumina lined by
cubical epithelium. They are surrounded by endometrial
stroma or decidualized endometrial stromal cells. In sub-
sequent stages of pregnancy, the glands disintegrate and
only degenerative epithelial remainders may be found
(see Decidua in Chapter 9).

3. Microscopic Survey

Typical Histologic Features of the
Third Trimester Placenta

Third trimester sections of the placenta, such as this verti-
cal survey section of a mature placenta (Fig. 3.2A), are
more difficult to examine as the villi are smaller and often
stick so closely together that it is difficult to find the
intervillous space in between. This section covers the cho-
rionic plate (Fig. 3.2C), including the amnion (Fig. 3.2B),
different types of villi (Fig. 3.2D-G), fibrinoid deposits in
various locations (Fig. 3.2C,F,H-L), anchoring villi with
rudimentary cell columns (Fig. 3.21), cell islands (Fig.
3.2]), septa (Fig. 3.2K), and the basal plate (Fig. 3.2L).

In Figure 3.2A, in contrast to the first trimester situa-
tion, the width of the intervillous space is highly variable
with large “subchorionic lakes” below the chorionic plate
and narrow intervillous clefts between the terminal villi.
In the normal term placenta, the mean width of the clefts
including the subchorionic lakes is between 16 and 32 mm
(see Intervillous Space as Related to the Villous Trees in
Chapter 7). A generally much wider intervillous space
indicates deficiency of terminal villi as in persisting villous
immaturity (e.g., rhesus incompatibility) and in cases of
excessive nonbranching angiogenesis (e.g., early-onset
intrauterine growth restriction, early-onset IUGR) (see
Chapter 15). A generally much tighter intervillous space
is usually correlated with increased numbers of highly
branched terminal villi as, for example, in cases of exces-
sive branching angiogenesis (e.g., late-onset [UGR, often
combined with preeclampsia) (see Chapter 15).

Figure 3.2B: The amnion covers the chorionic plate
toward the amnionic cavity. It consists of a single layer of
cubical to columnar cells that participate in the turnover
of the amnionic fluid (see Amnion in Chapter 11). Seem-
ingly multilayered segments of the amnionic epithelium
represent oblique or tangential sections across the surface
in most cases. In addition, nearly 50% of mature placen-
tas also possess foci of real squamous metaplasia of the
amnionic epithelium that may become up to 15 cellular
layers in thickness (see Amnion in Chapter 11). Under-
neath the amnionic epithelium is a thin layer of amnionic
mesoderm (about 15 to 30mm in thickness). It is only
loosely connected with the next layer, the chorionic
mesoderm, via the spongy or intermediate layer, a reticu-
lar zone showing larger clefts (Fig. 3.2C). Because of
unstable connection, the amnion may start gliding or may
even become lost during preparation.

In Figure 3.2C, the third trimester chorionic plate is a
multilayered structure. It consists of the spongy layer with
numerous clefts, followed by the compact layer of chori-
onic mesoderm that is separated from the Langhans’
fibrinoid stria by a rudimentary basement membrane.
On the lower side of this basement membrane, highly
variable amounts of extravillous cytotrophoblast can be
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found. During early pregnancy they form a complete and
usually multilayered stratum;in later pregnancy, this layer
becomes rarefied. Some of the cells deeply invade the
fibrinoid (see Chorionic Plate in Chapter 9). Attached to
or embedded into the fibrinoid one finds numerous stem
villi, representing the first branches of villous trunci
branching off from the chorionic plate nearby (see upper
third of Fig. 3.2A). The chorionic plate represents the
cover of the intervillous space, which follows directly
below.

Figure 3.2D: The villous trees measure 1 to 4cm in
diameter. Their central branches are made up of stem villi
(see Chapter 7, Fig. 7.26). These are the large-caliber villi
that range from 80 to several thousand micrometers in
diameter (see Stem Villi in Chapter 7). The highest con-
centration of stem villi and the largest calibers are found
near the chorionic plate. Histologically, they are charac-
terized by one or several arteries and veins or arterioles
and venules with clearly visible muscular walls and are
surrounded by a fibrous stroma that contains few para-
vascular capillaries (see Paravascular Capillary Net of
Stem Villi in Chapter 7). Near term, the trophoblastic
cover is focally or largely replaced by fibrinoid (see
Perivillous Fibrinoid in Chapter 6). This process is more
pronounced in larger stem villi.

In Figure 3.2E, immature forerunners of the stem villi,
the immature intermediate villi can be seen. They are
easily identifiable by their large caliber and their pale
staining. Larger arteries and veins are usually absent, as
are larger amounts of collagen fibers. The prevailing
structure within the stroma is a reticularly arranged loose
connective tissue with few fetal vessels. It is composed of
net-like arranged fixed connective tissue cells that sur-
round round spaces, the so-called stromal channels (see
Immature Intermediate Villi in Chapter 7), which contain
the Hofbauer cells (macrophages) (see Hofbauer Cells in
Chapter 6). The latter are characterized by their rounded
cell body and their numerous vacuoles or lysosomes.

Immature intermediate villi are the dominating villous
type in early pregnancy (Fig. 3.1D,E). At term pregnancy,
they usually persist in small groups (<10% of the total
villous volume) in the centers of the villous trees. They
are absent in hypermature placentas and their number is
increased with persisting immaturity of the placenta (see
Persisting Villous Immaturity and Rhesus Incompatibil-
ity in Chapter 15).

In Figure 3.2F, mature intermediate villi are slender,
multiply curved branches of stem villi that exhibit diam-
eters ranging from 60 to about 100 mm. They differ from
stem villi by the absence of both stromal fibrosis and fetal
stem vessels (arterioles and venules) with a media iden-
tifiable by light microscopy. Their stroma is composed of
slender fetal capillaries embedded into a loose connec-
tive tissue that is rich in cells but poor in fibers (see
Mature Intermediate Villi in Chapter 7). Longitudinal
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sections of mature intermediate villi are easily identifi-
able, whereas cross sections can easily be confused with
terminal villi (see the following discussion).

Figure 3.2G: Terminal villi are the grape-like termi-
nal side branches of the mature intermediate villi (see
and Terminal Villi in Chapter 7 and Fig. 7.10). Their diam-
eters range from 40 to about 80mm. The dominating
structures within the loose stroma are sinusoidally dilated
and highly coiled fetal capillaries (see Sinusoids of Ter-
minal Villi in Chapter 7). Typically, they bulge against the
trophoblastic surface and transform this into extremely
thin vasculosyncytial membranes that are devoid of
nuclei.

The terminal villi, together with mature intermediate
villi, represent the main exchange area of the third tri-
mester placenta. Mature intermediate villi with slender
capillaries and terminal villi with dilated sinusoids are
easily discernible in placentas following early cord clamp-
ing and immediate fixation. Placentas that were fixed late
after delivery and have lost larger amounts of fetal blood
show the collapse of sinusoids, so that the terminal villi
can no longer be discriminated from mature intermediate
villi, which have slender capillaries.

A typical cross-sectional feature of terminal villi, and
to a certain degree also of other villous types, is the
syncytial knotting (Tenney-Parker changes). This desig-
nation is the usual term applied to an increased appear-
ance of seemingly polypoid trophoblastic outgrowths at
the villous surfaces and to the trophoblastic bridges con-
necting neighboring villi. Only a small percentage of
respective structures represents real trophoblast protru-
sions and real bridges in the third trimester (see Syncytial
Knotting in Chapter 15). Rather, the vast majority are flat
sections across trophoblastic surfaces of irregularly
shaped and branched villi. Toward term, as well as under
hypoxic conditions, the outer shape of terminal villi
becomes more irregular, thus increasing the chance of
trophoblastic flat sectioning (syncytial knotting).

In Figure 3.2H, fibrinoid is an acellular, intensely stain-
ing, eosinophilic material that is mostly related to the
intervillous space (Fig. 3.2C,D,F.H). When it replaces the
trophoblastic cover of villi, as shown in this figure, it is
called perivillous fibrinoid. In other villi, it may replace
the stroma beneath a largely intact trophoblastic surface
(intravillous fibrinoid, villous fibrinoid necrosis; Fig. 3.2F).
Other sites of fibrinoid deposition are a prominent fibri-
noid layer below the chorionic plate (Langhans’ fibrinoid,
Fig. 3.2C), a corresponding layer at the surface of the
basal plate (Rohr fibrinoid, Fig. 3.21,L), the Nitabuch
fibrinoid in the depth of the maternofetal junctional zone
(Fig. 3.2L), and the extracellular matrix of cell islands
(Fig. 3.2J) and septa (Fig. 3.2K).

Despite the fact that fibrinoid appears to be homoge-
neous histologically, it is composed of two completely
different materials: (1) fibrin-type fibrinoid (see
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FiGure 3.2. Typical features of the third trimester placenta as covered by the amnion. If, Langhans’ fibrinoid stria; arrows,
seen in paraffin sections following H&E staining. All specimens  basement membrane; cm, chorionic mesoderm; ivs, intervillous
are from the 40th week p.m. For details see the text. A: Vertical  space. x60. D: Peripheral stem villus. fs, fibrous stroma; a, artery;
survey section. The marked frames refer to the following v, vein;arrowheads, syncytiotrophoblast. x180. E: Two immature
detailed pictures. x10. B: Amnion. ae, amnionic epithelium; am, intermediate villi (i) surrounded by some mature intermediate
amnionic mesoderm; sl, spongy layer. x120. C: Chorionic plate, and terminal. villi. x180.
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Ficure 3.2. F: A longitudinally sectioned mature intermediate
villus (mv) together with some terminal villi and a villous fibri-
noid necrosis (if). x180. G: A group of terminal villi (t) showing
considerable syncytial knotting (k). x360. H: A small stem villus,
the trophoblastic cover of which is partly replaced by a thick
plug of perivillous fibrinoid (f). x180. I: An anchoring villus (av),
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connected to the basal plate by Rohr fibrinoid (rf) as the origi-
nally connecting cell column has vanished. x180. J: Cell island.
mf, matrix-type fibrinoid. x90. K: Tip of a placental septum. x90.
L: Basal plate with obvious layering. rf, Rohr fibrinoid; nf, Nita-
buch fibrinoid; dc, decidual cells; ec, extravillous cytotropho-
blast; v, vein. x90. For further details see the text.
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Fig.3.5C), a blood clotting product that is free of extravil-
lous trophoblast cells and usually in contact with the
intervillous space; and (2) matrix-type fibrinoid (see Fig.
3.5D), which embeds varying numbers of extravillous tro-
phoblast cells and is itself a secretory product of these
cells. Both substances may be deposited close together or
separately (see Fibrinoid in Chapter 9).

Figure 3.21: With the increasing development of free-
floating villi that takes place in the course of the last
trimester, anchoring villi become less prominent. They
are still connected to the basal plate or to septa by cell
columns (see Fig. 3.1H,I). As the proliferative activity of
the columnar cytotrophoblast slows down, the cells are
rarefied to one layer that is sometimes even incomplete.
In some cases, extravillous trophoblast may be completely
replaced by matrix-type fibrinoid so that the stroma of
the anchoring villus directly borders Rohr’s fibrinoid of
the basal plate. Some cell columns maintain their prolif-
erative activity and thus act as growth zones for the
anchoring villi as well as for the basal plate, even near
term (see Extravillous Trophoblast in Chapter 9).

Figure 3.2]J: Cell islands increase in size throughout
pregnancy by means of the continuous proliferation of
their extravillous trophoblast cells. Also, the amount of
fibrinoid embedding these cells increases steadily by
apposition of fibrin-type fibrinoid from the intervillous
space and by secretion of matrix-type fibrinoid from the
trophoblast cells. Large cell islands may contain central
cavities, or “cysts.” They must be considered the result of
degeneration of trophoblast cells and subsequent lique-
faction. Occasionally, cell islands may contain some
decidual cells in addition to extravillous trophoblast cells.
Such islands can be interpreted either as cross sections of
placental septa or as disrupted parts of such. For an
understanding of their development see Early Villous
Stages in Chapter 5; for the structure, see Cell Islands in
Chapter 9.

Figure 3.2K: Placental septa are the result of folding of
the basal plate, probably supported by tension of anchor-
ing villi (see Septa in Chapter 9). They are rudimentary
pillar-shaped structures, insufficient to subdivide the
intervillous space into separate chambers. They are
attached to the basal plate at their base (Fig. 3.2A) and
are usually composed of extravillous trophoblast and
decidual cells, both embedded in much fibrinoid. Some-
times large cysts, similar to those of the cell islands, can
be found (see Cysts and Breus’ Mole in Chapter 9). These
sites of minor mechanical resistance during delivery
usually give rise to deep basal tears of the placenta, the
grooves delineating the placental lobes (see Chapter 2,
Figs.2.1 and 2.2). The septal tips (Fig. 3.2K) are composed
mostly of extravillous trophoblast and matrix-type fibri-
noid and are surrounded by fibrin-type fibrinoid. Their
cross sections are hardly distinguishable from cell
islands.

3. Microscopic Survey

Only in a few exceptional places is the basal plate of
the term placenta as clearly layered as depicted in Figure
3.2L, showing a superficial stria of Rohr fibrinoid,
followed by extravillous cytotrophoblast, a layer of
Nitabuch fibrinoid, and a compact decidual layer. In the
latter, an uteroplacental vein is embedded. In most cases,
however, there is no clearly defined fetomaternal border
but rather extravillous cytotrophoblast, decidual cells,
uteroplacental vessels, and glandular residues intermin-
gled with ample fibrinoid and having no identifiable order
(see Basal Plate in Chapter 9). In such cases, immunohis-
tochemical markers may facilitate orientation (see the
following discussion). For a consideration of the utero-
placental vessels and intraarterial trophoblast, see the
description of the first trimester placenta, above.

IMMUNOHISTOCHEMICAL MARKERS

Structural orientation in histologic sections can be considerably facili-
tated by immunohistochemical markers. Some of those may even be
applied fo paraffin sections, provided that the tissue has been fixed
with formalin only. We prefer fixation in a 4% neutrally buffered form-
aldehyde solution (10% formalin solution) for a maximum of 24 hours
and at temperatures below 60YC during the paraffin embedding. Cor-
respondingly prepared paraffin blocks may be used even years later
for many immunohistochemical reactions (intermediate filaments, extra-
cellular matrix proteins, proliferation markers, etc.).

The following immunohistochemical reactions may be useful for
routine histologic examination of placental paraffin sections. All of them
work with human material; some even crossreact with the respective
molecules in several animal placentas.

Anticytokeratin stains epithelial structures such as amnionic epi-
thelium, villous syncytio- and cytotrophoblast, and extravillous cytotro-
phoblast. In particular, for the discrimination between extravillous
cytotrophoblast (Fig. 3.3A; also see Figs. 3.5A and 3.7A) and decidual
cells (Fig. 3.3B; also see Fig. 3.5B) or intraarterial trophoblast (Fig.
3.3A) and maternal endothelium (Fig. 3.3C), it is a useful marker. We
prefer a “pan-cytokeratin” antibody directed against cytokeratins 10,
17, and 18, which stains all cellular epithelial elements and addition-
ally myofibroblasts and some vascular smooth muscle cells. Syncytiotro-
phoblast is only partly stained. Anticytokeratin 7 is a more specific
trophoblast marker that does not cross-react with contractile mesenchy-
mal dells. This antibody reproducibly stains villous and extravillous
cytotrophoblast, but rarely villous syncytiotrophoblast or multinucleated
trophoblastic giant cells.

Antivimentin stains all mesenchyme-derived cells, such as con-
nective tissue cells, macrophages, decidual cells, smooth muscle cells,
and endothelial cells. We use it as control on paraffin sections that are
parallel to those stained for cytokeratin. Placental cells should be
positive either for cytokeratin (epithelial origin, such as trophoblast,
amnion, gland cells) or vimentin (mesenchymal origin, such as connec-
tive tissue, deciduas, smooth muscle cells endothelium). It is a useful
tool to identify decidual cells (Fig. 3.3B; also see Fig. 3.5B) as opposed
to extravillous trophoblast cells (Fig. 3.3A; also see Fig. 3.5A) or
to discriminate maternal endothelium from intraarterial trophoblast
(Fig. 3.3C).

Anti-factor Vlll-related antigen (the former anti-von Wille-
brand factor) is a marker that is largely specific for most endothelial
cells. Application of this antibody provided proof that the intervillous
space in the adjacency of venous openings is lined by maternal
endothelium (Fig. 3.3C). It does not always work on paraffin sections.
The much more reliable marker for endothelial cells in paraffin sections
is anti-CD 34 (the monoclonal antibody QBend10) which detects a
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Ficure 3.3. Serial sections of a superficial part of the mature
basal plate bordering the intervillous space (IVS) and showing
a colorful mixture of extravillous trophoblast cells with decidual
cells as well as a uteroplacental vessel (V). Immunohistochem-
istry using three different marker antibodies allows easy dis-
crimination of cell types. A: Anticytokeratin, an epithelial
marker, binds to evenly spread extravillous trophoblast cells as
well as to the trophoblast cell lining of the uteroplacental vessel
(brown). The surface of the basal plate remains unstained. B:
Antivimentin, a mesenchymal marker, stains the decidual cells
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(brown) as well as the endothelial lining of the basal plate
(arrowheads). The luminal lining of the uteroplacental vessel
(V) remains unstained since it consists of trophoblast rather
than of endothelium. C: Staining with antibodies to factor VIII-
related antigen, an endothelial marker, reveals that the surface
of this part of the basal plate is covered by (maternal) endothe-
lium (brown, arrowheads). All other cellular constituents of the
basal plate including the luminal lining of the uteroplacental
vessel remain unstained. x230. (Courtesy Dr. Sonja Kertschan-
ska, Aachen.)
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FiGure 3.4. Endothelial markers facilitate identification of
fetal capillaries within placental villi. A: Hematoxylin and
eosin staining of term placental villi allows easy identification
of villous shapes and of the trophoblastic surface. Discrimina-
tion of stromal components such as fibroblasts, macrophages,

cell surface marker specific for endothelium and its progenitor cells
(Fig. 3.4).

Antifibrin can be used as a specific marker for fibrin-type fibrinoid
as a blood clotting product (Fig. 3.5C). Specific detection of fibrin can
only be achieved when an antibody is available (e.g., Immunotech,
clone E8) that does not cross-react with the nearly universally present
fibrinogen.

Anti-oncofetal fibronectin BC-1 (directed against the -7
domain of oncofetal fibronectins containing the ED-B sequence) and
FDC-6 (directed against the O-glycosylated III-CS region of oncofetal
fibronectins) are specific markers for matrix-type fibrinoid as shown for
BC-1 in Figure 3.5D. Different from other fibronectin antibodies, they
cross-react with neither fibrintype fibrinoid nor connective tissue.

Anti-y-smooth muscle actin in placental tissues is largely specific
for vascular smooth muscle cells and myofibroblasts. It is a useful tool
to identify the vessel walls of fetal villous arteries and arterioles as well
as of veins and venules. It may be used as marker for different types
of stem villi (Fig. 3.6A) and their immature forerunners, the immature
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and endothelium is largely impossible. B: The antibody
QBend10 (anti-CD34) specifically stains endothelial cells
(brown) of the villous vessels and enables easy discrimination
of the fetoplacental vessel bed. Term placenta. x145.

infermediate villi, as both villous types are the only villi having these
stem vessels.

The more easily available anti-a-smooth muscle actin (Fig.
3.6B) has a staining pattern that is largely comparable to anti-ysmooth
muscle actin. The antibody detects, however, also earlier stages of
myofibroblast differentiation and vascular pericytes. As the latter are
also present in mature intermediate and terminal villi, this antibody is
less useful for the discrimination of different villous types.

Anti-CD68 and anti-CD14 (antibody leuM3) (see Chapter 6, Fig.
6.27) are the most consistent immunohistochemical markers of macro-
phages, the Hofbauer cells. They detect monocyte differentiation anti-
gens. Application of these antibodies to placental villi demonstrates that
a much larger share of villous stromal cells are in fact macrophages
(see Fig. 6.27) than had been expected from ultrastructural and enzyme
histochemical studies. Like most antibodies directed against cell-surface
receptors, these antibodies preferably should be applied to unfixed
cryostat sections. However, with some care they may also work on
paraffin sections.
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FIGUrRe 3.5. Serial sections of a cell column of the first
trimester placenta. A: Anticytokeratin stains the villous tropho-
blastic surface as well as extravillous trophoblast (brown, ec)
that forms a compact layer at the border to the anchoring
villus (av) and invades the basal plate (below). dc, decidual cells.
B: Antivimentin staining of a parallel section reveals that
most of the basal plate cells are of mesenchymal origin (decid-
ual cells, brown). The trophoblast cells (slender blue nuclei)
invade the decidual layer. Also villous stromal cells (above)
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are of mesenchymal origin and therefore are immunostained.
C: Antifibrin binds to a deposit of fibrinoid (fibrin-type
fibrinoid, reddish, ff) that is closely related to the intervillous
space and devoid of extravillous trophoblast cells. D: In
contrast, anti-oncofetal fibronectin (antibody BC-1) binds to
the reticular fibrinoid deposits (matrix-type fibrinoid, brownish)
around the invading extravillous trophoblast cells and
decidua cells. x105. (Courtesy of Dr. Hans-Georg Frank,
Aachen.)
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FIGURE 3.6. A: Anti—y-smooth muscle actin specifically stains
smooth muscle cells (brown) of arteries/arterioles (a) and veins/
venules (v) of stem villi as well as highly differentiated myofi-
broblasts (arrowheads), which are characteristic for the extra-
vascular stroma of only the largest stem villi (>300 mm caliber).
The stroma of mature intermediate (m) and terminal villi (t)
remains unstained. The trophoblastic cover of the villi appears
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blue from nuclear counterstaining with hematoxylin. x165. B:
The closely related o-smooth muscle actin can be detected
immunohistochemically in media smooth muscle cells of an
arteriole (brown, ao), in stromal myofibroblasts (brown),
and additionally in vascular pericytes (p) identifiable by their
characteristic spider-like shapes. x1080. (Courtesy of Dr. Gaby
Kohnen, Aachen.)
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FiGure 3.7. Serial paraffin sections of a cell column (brown)
connecting an anchoring villus (above, av) to the basal
plate (bottom, bp). The comparison of anticytokeratin staining
of the extravillous cytotrophoblast (brown in part A) with
MIB-1 staining of proliferating trophoblast cells (brown in part
B) reveals that only extravillous trophoblast cells located
close to the basal lamina separating cell column and anchoring

The antibodies Ki-67, MIB-1, and anti-PCNA (clones PCI10,
19A2, 19F4) bind to nuclear proteins that are expressed in proliferating
cells. Ki-67 is only applicable on cryostat sections. MIB-1 is its analogue
for carefully fixed paraffin sections; it can be applied also on cryostat
sections. Anfi-PCNA can be used only for paraffin material. Ki-67/MIB-1
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villus undergo mitosis. In contrast, those invasive daughter
cells (arrowhead in A) that have left the cell column and
deeply invaded the basal plate are no longer proliferative
(unstained in B). In conclusion, those cells resting on the
basal lamina are the proliferating stem cells of all extravillous
trophoblast cells. x150. (Courtesy of Dr. Gaby Kohnen,
Aachen.)

binds only to cells in the mitotic cycle. Because of its longer biologic
half-life PCNA (proliferating—ell nuclear antigen) can also be defected
in cells that have already left the cell cycle up to 24 hours earlier. These
antibodies are useful markers to distinguish proliferating stem cell popu-
lations from differentiated ones and identifying growth zones (Fig. 3.7)
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Placental Types

Throughout pregnancy,the viviparous vertebrates develop
a system of membranes that surround the fetus. The appo-
sition or fusion of these fetal membranes with the uterine
mucosa, for purposes of maternofetal physiologic ex-
change, initiates the formation of the placenta. To put it
differently, the fetus is surrounded by the fetal mem-
branes, to which it is connected by the umbilical cord (Fig.
4.1). The sac of membranes lies in the uterine cavity and
has contact with the endometrium over almost its entire
surface. The maternofetal contact zone, thus provided by
membranes and endometrium, represents the placenta.

This nonspecific definition points to the great structural
and functional variability of the organ. There is probably
no other organ that exhibits such a large degree of species
differences as the placenta. When comparing species, the
outer shape and inner structure can vary to such a degree
that nonplacentologists who are familiar with the struc-
ture of only the human placenta probably cannot identify
any other type as a placenta at all. There is only one
structural component that all placental types have in
common, namely, the existence of two separate circula-
tory systems—the maternal system and the fetal system.
Under normal conditions, the vessels of both systems
remain separated by several tissue layers throughout
pregnancy. Even the origin of these separating tissue
layers, making up the so-called placental barrier or inter-
hemal membrane, varies. These may be derived from fetal
tissues such as (1) the blastocyst wall (trophoblast), which
following fusion with the fetal mesenchyme is called the
chorion; (2) the allantois, which is the extracorporeal
embryonic urinary bladder; or (3) the yolk sac, an extra-
corporeal vesicular extension of the gut (Fig. 4.2). Each
of these membranes is complemented by the amnion,
which forms a second, fetally derived, membranous sac
surrounding the embryo. In some cases, these fetal con-
stituents are complemented by maternal tissues, that is,
remainders of the endometrium.

The placenta is unique among all other organs in that
it conducts the functional activities of most fetal organs
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(except the locomotor apparatus and the central nervous
system) from its early beginning on throughout its devel-
opment. The following fetal functions are partially or
completely accomplished by the placenta during preg-
nancy as a substitute for still immature embryonic and
fetal organs:

1. Gas transfer (later the function of the lung)

2. Excretory functions, water balance, pH regulation
(later the function of the kidney)

3. Catabolic and resorptive functions (later the function
of the gut)

4. Synthetic and secretory functions of most endocrine
glands

5. Numerous metabolic and secretory functions of the
liver

6. Hematopoiesis of the bone marrow (during early

stages of pregnancy)

Heat transfer of the skin

8. Immunologic functions
degree)

~

(to a largely unknown

Itis very unlikely that these numerous functional require-
ments can be fulfilled by a phylogenetic development of
an identical structural solution for all species, as species
exhibit tremendous variation in size, length of pregnancy,
litter size, and living conditions. The logical result of this
situation has been the development of numerous placen-
tal types, differing from each other with respect to outer
shape, kind of maternofetal interdigitation, structure of
the maternofetal barrier, and maternofetal blood flow
interrelations. As a basis for a better understanding of the
human placenta, we present only a brief overview of the
so-called allantochorial placentas. This group comprises
all those placentas that develop from the blastocyst wall
and become fetally vascularized from the allantois, the
embryonic bladder (see Fig. 4.2). This placental type is
the most common among mammals and is also repre-
sented in the human. For more detailed information we
refer to the fundamental monographs on comparative
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FiGure 4.1. A placenta is formed when the fetal membranes
(blue, central figure) come into close contact by apposition or
fusion with the endometrial lining (red, left figure) of the uterus.
This theoretically most simple type of a placenta, namely a

FiGure 4.2. Synoptic representation of the fetal membranes
(black, blue) that may contribute to the formation of a placenta.
Maternal tissues are colored red and brown. The trophoblast
(blue), as derivative of the blastocyst wall, together with the fetal
mesenchyme (gray, dotted), forms the chorion, which is the main
exchange membrane of most mammals. The chorion does not
develop its own vessels but rather becomes vascularized either
by the allantois (black) (— chorioallantoic placenta) or by the
yolk sac (black) (— choriovitelline placenta). In some species,
the chorion is replaced locally by the yolk sac (black) (— yolk
sac placenta). The amnion (black) is unvascularized and never
replaces the chorion; rather, it serves as an additional, inner mem-
brane that separates the chorion or yolk sac from the amnionic
fluid.
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placenta diffusa with a smooth contact area as shown on the
right figure, is not known to exist. (Source: Modified from
Kaufmann, 1981, with permission.)
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placentology by Bjorkman (1970), Steven (1975), Ramsey
(1982), and Mossman (1987), and to the reviews by
Wimsatt (1962), Enders (1965), and Kaufmann (1981).

Among the numerous possibilities for classifying the
allantochorial placentas (Amoroso, 1952; Wimsatt, 1962;
Steven, 1975; Kaufmann, 1981; Ludwig 1981; King, 1982;
Ramsey, 1982; Mossman, 1987; Dantzer et al., 1988), the
following characteristics proved to be the most successful
for characterizing the organ structurally and, to a limited
degree, functionally:

1. Outer shape and surface extension around the chori-
onic sac

2. Kind and intensity of interdigitation of maternal and
fetal tissues

3. Number, kind, and structure of tissue layers separating
maternal and fetal blood

4. Spatial arrangement of maternal and fetal vessels or
of blood flow directions, respectively

It is impossible to cite here the vast comparative plac-
entologic literature covering the various placental types.
Rather, for each placental type or for each group of
animals, we refer to one or two detailed publications that
may serve as characteristic illustrations.

Placental Shapes

The extent of maternofetal and fetomaternal transfer
depends largely on the size of the maternofetal contact
area available for exchange (Kaufmann, 1981; Ludwig,
1981; Schroder, 1982). The smooth contact area of the
chorion (derivative of the blastocyst wall, and outer layer
of the fetal membranes) with the endometrium seems
to be insufficient to meet the fetal demands, even if the
contact is established over the entire surface of the cho-
rionic sac (as depicted in Fig. 4.1). This placental type
does not exist in mammals. Rather, all mammals increase
the placental exchange area by interdigitation of the
opposing maternal and fetal tissue surfaces. In most cases,
the surface enlargement by interdigitation is so intense
that enough exchange surface can be provided even if
interdigitation takes place only on a limited surface area
of the chorionic sac. This interdigitating part is called the
placenta, whereas those parts of the chorionic sac that
maintain a more or less planar apposition to the uterine
surface are called smooth chorion, chorion laeve, para-
placenta, or simply outer fetal membranes. Each animal
order or suborder has a typical shape and surface exten-
sion of its placenta.

In the light of phylogeny, it is interesting to note that most of these typical
placental shapes have been observed as more or less rare malforma-
tions in the human as well. It is still a matter for discussion, however,
whether placental shapes of certain animal orders and the respective
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human malformations are really comparable results of placental devel-
opment rather than mere products of external similarity in shapes.

In comparative placentology the following placental
shapes have been defined:

e Maternofetal interdigitation extending over the entire
surface of the chorionic sac is called placenta diffusa
(placenta membranacea) (Fig. 4.3). This type is seen in
Perissodactyla (Amoroso, 1952), Cetacea (Wislocki &
Enders, 1941), Suidae (MacDonald & Bosma, 1985),
Tylopoda (Ramsey, 1982), and some lower primates
(Ramsey, 1982). According to Torpin (1969), it may
occur rarely in the human as well (see Chapter 13). In
all other cases, maternofetal interdigitations are locally
restricted and highly concentrated.

e Many such spot-like regions of intense maternofetal
interdigitations, such as those in ruminants (Bjorkman,
1969), are called placenta cotyledonaria or placenta
multiplex (Fig. 4.3). To our knowledge, a corresponding
malformation has not been described for the human.

e In carnivores (Bjorkman, 1970), Sirenia (Wislocki,
1935), Hyracoidea (Mossman, 1937), and Proboscidea
(Mossman, 1937), the placenta forms a ring-like zone
in the chorionic sac surrounding the fetus like a girdle,
the placenta zonaria, placenta annularis, or girdle-like
placenta (Fig. 4.3). The incidence of a corresponding
kind of maldevelopment in the human is much less
than 0.1%. It has been interpreted as a result of implan-
tation in the uterine cervix, where the fetal membranes
establish intense contact with the uterine wall in a ring-
like fashion (Torpin, 1969).

e Several lower and higher primates (Luckett, 1970;
Ramsey, 1982), as well as the Tupaia (Kaufmann et al.,
1985; Luckhardt et al., 1985) as a possible phylogenetic
link between insectivores and lower primates, develop
two disk-like areas of intimate contact, the placenta
bidiscoidalis (Fig. 4.3). In the human it is represented
by the placenta duplex (0.1%). Incomplete subdivision
of the placental disk in the human is described as pla-
centa bilobata or placenta bipartita (2-8%). The pla-
centa succenturiata in the human (0.5-1%) shows an
asymmetrical complete or incomplete subdivision into
a large and a small disk. All three types of placental
malformation in the human have been described as
being a result of lateral implantation in the corner
between the anterior and posterior walls of the uterus
(Torpin, 1969).

e The highest degree of concentration of maternofetal
interdigitation is realized in the discoidal placenta (Fig.
4.3), which provides only a single disk-like zone of
intimate maternofetal contact. This most common type
of placenta exists in rodents (Enders, 1965; Kaufmann
& Davidoff, 1977, Ramsey, 1982), the great apes
(Ludwig & Baur, 1971), and the human (Boyd &
Hamilton, 1970).
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Ficure 4.3. Instead of the smooth contact area shown in Figure extent of these interdigitations, several placental shapes are
4.1, all known placental types show interdigitations between described. For details see text. (Source: Modified from
maternal (red) and fetal (blue) components. Depending on the = Kaufmann, 1981, with permission.)
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Types of Maternofetal Interdigitation

If that part of the surface area of the chorionic sac in
which maternofetal interdigitation takes place is reduced,
it must be compensated for by an increased intensity of
the interdigitations. This results in five different types of
maternofetal interdigitation:

e The simplest form of interdigitation, consequently, is
combined with the large-surfaced diffuse placenta: It is
called the folded type of placenta (Fig. 4.4A) and is
characterized by poorly branching, ridge-like folds of
the chorion that fit into corresponding grooves of
the uterine mucosa. Examples are seen in the pig
(MacDonald & Bosma, 1985) and some lower pri-
mates (Ramsey, 1982) that have a diffuse placenta.

e A generally similar but more complex construction is
typical for the lamellar type of placenta (Fig. 4.4B).
This type is found in the carnivores (Leiser & Kohler,
1984). In this case, the ridges multiply branch into com-
plicated systems of slender chorionic lamellae, oriented

FIGURE 4.4. Types of interdigitation between maternal and fetal
tissues. Maternal tissue or maternal blood (red); fetal tropho-
blast (blue); fetal capillaries and fetal connective tissue (black).

4. Placental Types

in parallel to each other and separated by correspond-
ingly branching endometrial folds.

Even more exchange surface per placental volume is
provided by a tree-like branching pattern of the
chorion, resulting in the placental villous tree. The villi
fit into corresponding endometrial crypts or are directly
surrounded by maternal blood. This villous type of pla-
centa (Fig. 44D) exists in ruminants (Steven, 1975;
Kaufmann, 1981) and in higher primates (Boyd &
Hamilton, 1970; King & Mais, 1982).

e An intermediate stage between the lamellar and the

villous condition is represented by the trabecular type
of placenta (Fig. 4.4C). It has been described for some
platyrrhine monkeys, such as Callithrix (Luckett, 1974;
Merker et al., 1987). This placental type is character-
ized by branching folds from which leaf-like and finally
finger-like villi branch off.

¢ The most common and most effective kind of interdigi-

tation can be found in the labyrinthine type of placenta
(Fig. 4.4E). It has been described so far only in placen-
tas that have a discoidal or bidiscoidal shape. It is the

For details, see text. (Source: Modified and extended from
Kaufmann, 1981, with permission.)
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typical interdigitation for the placentas of rodents
(Kaufmann & Davidoff, 1977), lagomorphs (Mossman,
1937), insectivores (Malassine & Leiser, 1984), bats
(Wimsatt & Enders, 1980), and some lower monkeys
(Ramsey, 1982; Kaufmann et al., 1985; Mossman, 1987).
As the characteristic feature, a tissue block of tropho-
blast is penetrated by web-like channels that are filled
with maternal blood or fetal capillaries.

Maternofetal Barrier

The two preceding systems of classification are merely
structurally descriptive ones. Grosser (1909, 1927) initi-
ated a more functional system of classification, describing
structure and composition of the so-called placental
barrier. This system was later extended by Enders (1965).
Although often criticized because it fails to consider
structural variation within the same placenta, this system
still has its merits, “if for no other reason than that it
serves as a ready reminder of the different components
that need to be analyzed before drawing functional
conclusions” (King, 1982). The terms maternofetal barrier
and placental barrier are traditional descriptions of the
tissue layers separating maternal and fetal circulations
in the placenta. These terms are still in use despite the
fact that they are somewhat misleading (King, 1982).
Increasing knowledge of placental physiology has taught
us that synthetic, secretory, and transport functions of the
placenta are as important aspects of this organ as the
barrier role, separating the maternal and the fetal
circulations.

As an alternative, the term interhemal membrane is in use because
it avoids any functional connotation for the separating layers. However,
the use of the term membrane for a complex layer composed of
several cells, rather than for the unit membrane of a cell, is also
misleading.

The following types of maternofetal barrier have been
classified:

e In the most complete case of a placental barrier—in
the Artiodactyla (Wooding et al., 1980), the Perissodac-
tyla (Amoroso, 1952; Ramsey, 1982), and some prosim-
ians (Mossman, 1987)—the fetal chorion directly faces
the intact endometrial epithelium. The blastocyst did
not invade the endometrium, but only remained
attached to it. This condition is called the epitheliocho-
rial placenta. Maternal and fetal blood is separated by
six tissue layers (Fig. 4.5): maternal capillary endothe-
lium, maternal endometrial connective tissue, and
maternal endometrial epithelium, and three layers of
fetal origin-trophoblast, chorionic connective tissue,
and fetal endothelium. From the six layers, the tropho-
blast or the maternal epithelium may fuse syncytially.
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Sometimes even hybrid syncytia are formed by fusion
of trophoblastic (fetal) and uterine epithelial (mater-
nal) cells, as in ruminants (Wooding, 1992).

e By stepwise removal of maternal tissue layers the
maximum barrier, consisting of six layers, can be
reduced during invasion of the blastocyst. If invasion
stops after destruction of the uterine epithelium, the
syndesmochorial placenta (Fig. 4.5) is obtained. Origi-
nally, sheep and goats were said to possess this type.
More recently, the existence of this five-layer barrier
has been refuted (Kaufmann, 1981; Ramsey, 1982).
Sheep and goats seem to display an epitheliochorial or
synepitheliochorial condition (Wooding, 1992; Wooding
et al., 1980), like all other Artiodactyla.

e Deeper invasion with subsequent removal of endome-
trial connective tissue, establishing a direct apposition
of trophoblast and maternal endothelium, results in
the development of the endotheliochorial placenta
(Fig. 4.5). This placental barrier is characteristic for all
carnivores (Bjorkman, 1970), and it is represented in
some insectivores (Malassine & Leiser, 1984), lower
primates (Kaufmann et al., 1985), and bats (Ramsey,
1982).

e As the next and final step of invasion, the maternal
vessels are eroded and finally completely destroyed by
the invasive trophoblast. The trophoblastic surfaces
now directly face the maternal blood. The respective
placental type is called the hemochorial placenta (Fig.
4.5). It has been described, for instance, for all rodents
and lagomorphs, for some insectivores, bats,and Sirenia,
and for the higher primates including the human
(Enders, 1965; Ramsey, 1982). Depending on the
number of trophoblastic epithelial layers, Enders (1965)
has proposed a more detailed subdivision into hemotri-
chorial (rat: Enders, 1965; mouse: Bjorkman, 1970;
hamster; Carpenter, 1972), hemodichorial (beaver:
Fischer, 1971; rabbit: Enders, 1965; human in the first
trimester: Boyd & Hamilton, 1970), and hemomono-
chorial (caviomorph rodents, e.g., the guinea pig:
Kaufmann & Davidoff, 1977; human placenta at term:
Boyd & Hamilton, 1970).

e Some authors (see Wimsatt, 1962) have described less
common types of placentas in insectivores and bats in
which even fetal tissue components are subjected to
destruction, resulting in endothelioendothelial and
even hemoendothelial conditions. In most cases, these
descriptions have not been based on ultrastructural
studies and thus need to be corroborated.

Generally speaking, maternofetal and fetomaternal diffusional transfer
depend on the thickness of the separating layers, whereas the number
and kind of the layers of the barrier influence facilitated transport, active
transport, and vesicular transfer. This statement, however, does not imply
that all layers to the same extent contribute to the barrier function.
When stating that three to six tissue layers make up the placental barrier,
this does not necessarily mean that a corresponding number of cells must
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FIGURE 4.5. Tissue layers of the maternofetal barrier according
to the Grosser classification. a, maternal blood (red dots);
b, maternal endothelium (red); ¢, endometrial connective tissue
(red); d, endometrial epithelium (red); e, trophoblast (blue);
f, fetal connective tissue (black); g, fetal endothelium (black);
h, fetal blood (black dots). The fetal components of the
placental barrier (e—g) are collected under the term chorion.
The maternal components are reduced step by step until the
chorion comes into direct contact with the maternal blood

be passed transcellularly by each transported molecule. This situation is
only mandatory for the trophoblast, which in most species with invasive
implantation is a syncytium that can be passed only transcellularly by
transport mechanisms such as diffusion, facilitated transfer, active trans-
port, and vesicular transfer. In both connective tissue layers, however,
transport may easily take place paracellularly by diffusion. For smaller
molecules, the same is valid for the uterine epithelium (so far as it is cel-
lular in nature) and for both endothelia. These epithelial and endothelial
linings offer limited paracellular transfer to small molecules along the
lateral infercellular clefts. As a consequence, the syncytiotrophoblast in
most placentas, including that of the human, is the decisive barrier that
limits or supports transplacental transfer processes.

According to Fick’s law of diffusion, exchange efficiency, that is
the net amount of substance crossing the membrane, depends (inter
alia) on the concentration difference of the substance across the mem-
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(a, red dots). The trophoblast (blue), normally consisting of a
syncytium (e), may be covered on one side (hemodichorial) or
on both sides (hemotrichorial) by cytotrophoblast. In most
species, the trophoblast fuses syncytially. In some species, mostly
those with epitheliochorial placentation, either the maternal
epithelium fuses syncytially instead of the trophoblast, or
both epithelia remain cellular. For further details, see text.
(Source: Modified and extended from Kaufmann, 1981, with
permission.)

brane, as well as on the area and thickness of the membrane. Thus,
reduction of the distance between maternal and fetal blood is of deci-
sive importance for the maternofetal diffusional exchange. It makes the
Grosser classification valuable for determining diffusional efficiency of
the organ. It is, however, important to note that this is valid only for
passive diffusion (oxygen, carbon dioxide, water) (Schroder, 1982;
Faber & Thornburg, 1983). For most transport mechanisms, the product
of exchange surface available and the activity of the uptake mecha-
nisms (carrier molecules, enzymes, and receptors for active and vesicu-
lar transport) are the limiting factors, not the barrier thickness. The latter
situation is comparable to an escalator, the capacity of which is limited
by width and speed rather than by length. It is valid for transplacental
transport processes, such as facilitated diffusion (e.g., glucose), active
transport (e.g., ions and many amino acids), and vesicular transport
(peptides, proteins, lipids). As a consequence, we must conclude that
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the applicability of the Grosser classification is limited to the interpreta-
tion of the capacity of the placenta for passive diffusion. The findings
by Dantzer et al. (1988) make it likely that primarily the fetal demands
defermine placental size during transplacental oxygen diffusion.

Maternofetal Blood Flow Interrelations

Similar advantages but also similar limitations as dis-
cussed for the Grosser classification are valid for the
placental classification according to the geometric
arrangement of maternal and fetal capillaries or blood
flows in the exchange area (Bartels & Moll, 1964; Faber,
1969; Moll, 1972,1981; Martin, 1981; Schroder, 1982; Faber
& Thornburg, 1983; Dantzer et al., 1988). The relative
efficiencies of various types of the following theoretical
exchanges for the diffusion of, for example, oxygen, have
been calculated. Physiologists have defined several theo-
retical models of diffusional exchangers and calculated
their efficiency for diffusional transfer. The results have
been compared with real structural and functional find-
ings in various mammals:

e The concurrent flow exchanger (Fig. 4.6) is the most
inefficient system. Its fetal and maternal capillaries are
thought to be arranged in parallel, having identical
blood flow directions. Obviously it is not represented
in placentas of mammals (Martin, 1981).

¢ Also, with the countercurrent flow exchanger, maternal
and fetal capillaries are arranged in parallel but with
blood flow in opposite directions (Fig. 4.6). This is the
most effective vascular arrangement for passive diffu-
sion. It is nearly perfectly realized in the placentas of
all rodents (Kaufmann & Davidoff, 1977; Dantzer et
al., 1988) and lagomorphs (Mossman, 1926). Accord-
ingly, these animals exhibit small placentas compared
to their fetal weight (fetoplacental weight relations up
to 20:1).

¢ The remaining theoretical and real exchange systems
have an intermediate position between concurrent and
countercurrent exchangers regarding their efficiency.
Among them, for placentology the most important
ones are the simple crosscurrent flow (Fig. 4.6) (carni-
vores: Leiser & Kohler, 1984; Dantzer et al., 1988),
double crosscurrent flow (Fig. 4.6) (lower primates:
Luckhardt et al., 1985; pig: Dantzer et al., 1988).

e Last but not least also the multivillous flow exchanger
(Fig. 4.6) (ruminants: Dantzer et al., 1988; higher pri-
mates and human: Moll, 1981) have an intermediate
position regarding efficiency.

The importance of this classification system for the
fetal oxygen supply is stressed by the fact that the animals
showing a less efficient vessel arrangement have a poorer
fetoplacental weight relation at term (pig: 9:1; cat: 8:1;
human: 6:1) compared to the highly effective, small
rodent placentas (up to 20:1) (Dantzer et al., 1988).
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FIGURE 4.6. Idealized arrangement of the fetal (lilac arrows)
and maternal (red arrows) bloodstreams of different placental
exchange types, according to, Faber (1969), Moll (1972), and
Martin (1981). The intensity of blue color in the venous limbs
of the fetal vessel loops (upper right vessel of each single
drawing) illustrates the efficiency of the various exchangers in
diffusional exchange (for example, oxygen). For further details,
see text. (Source: Dantzer et al., 1988, with permission.)

Placental Types and Phylogeny

The foregoing systems of placental classification have
been accused of being merely structurally descriptive
but functionally more or less irrelevant, since both
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“primitive” and “highly developed” placentas produce
healthy offspring. This reproach is supported by several
facts:

e The pig seems to have one of the most primitive
placentas possible: a diffuse, epitheliochorial, folded,
crosscurrent placenta (Dantzer et al., 1988).

¢ By contrast, the guinea pig placenta is thought to be
one of the most highly developed ones, belonging to
the discoidal, labyrinthine, hemomonochorial, counter-
current type (Kaufmann & Davidoff, 1977).

The seemingly primitive pig placenta, however, guaran-
tees embryonic development as satisfactorily as does the
highly sophisticated guinea pig placenta for its embryos;
and probably nobody would state that the reproductive
qualities of the guinea pig are superior to that of the
pig. One therefore must be careful when describing a
placenta as “primitive” or “highly developed.” Indepen-
dent of the simplicity or complexity of their structure, all
placentas fulfill their biologic tasks, when necessary
compensating for missing complexity simply by increased
mass, as this is the case when comparing pig and guinea
pig.

Schroder (1993) has stressed another interesting view
to explain the phylogenetic variabilities of placental sizes
and efficiencies:

e Animals with a rather short gestational period as
compared to neonatal weight have relatively large daily
fetal growth rates. If such species want to produce their
large fetuses within a short time with a small placenta
(e.g., myomorph rodents), their choice of placental
type is restricted to the high-efficiency type, such as
labyrinthine and hemochorial with countercurrent
flow.

e With low daily fetal growth rates, however, it does not
really matter which placental type and efficiency are
available to the species; all grades of efficiencies are
possible ranging from the villous, synepitheliochorial,
multivillous sheep placenta, via the villous, hemomono-
chorial, multivillous human placenta, to the labyrin-
thine, hemomonochorial, countercurrent capybara
placenta.

Unquestioned is the importance of the classification
systems when looking for in vivo models for the human.
The delivered human term placenta has been easily avail-
able for many kinds of research. For nearly all in situ
studies, however, we need animal experiments. The only
placentas that are directly comparable to those of the
human are the placentas of the great apes. For several
reasons (expense and protection of rare species) they
provide no real alternatives for placental research. Thus,
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one has to work with laboratory animals with placentas
that are largely different from those of the human. The
classification systems described here provide a certain
orientation regarding differences and similarities between
the various animal models and the human placenta.
Moreover, as stated by King (1982), they remind us that
we must take into consideration the differences before
drawing functional conclusions.

When inspecting Table 4.1, one realizes that there is no
evident relationship between placental classification and
taxonomy. Some orders such as the carnivores, lago-
morphs, and rodents seem to be homogeneous regarding
placental structure. Others, such as insectivores and
primates, may even give us the impression that several
animals have acquired their respective placental types by
chance. Perhaps this is the result of the special situation
of the placenta, which has been developed for single use
over a limited life span. Most placentas show consider-
able excess capacity, which makes a considerable dif-
ference when evaluating efficiency. It is an important
consideration in pathology: The human placenta, which
compared to the fetus, is rather large, can compensate for
50% tissue degeneration, and perhaps even more, without
severe disturbance of pregnancy. In animals with rela-
tively small placentas compared to their fetus, such as the
guinea pig or the tupaia, fetal death is the normal result
as soon as only a small amount of placental parenchyma
is destroyed (Van der Heijden, 1981).

Human Placenta

According to these classification systems, the human
placenta is discoidal, villous, and hemochorial in struc-
ture. The arrangement of its maternal and fetal blood
flows is in accord with the multivillous type of exchange
system.

These basic structural characteristics are realized by
the following design: The human placenta at term is a
local, disk-like thickening of the membranous sac
(Fig. 4.7) that is achieved by splitting the membranes into
two separate sheets, the chorionic plate and the basal
plate (Fig. 4.7). Both sheets enclose the intervillous space,
as cover and bottom. The intervillous space is perfused
with maternal blood, which circulates, without its own
vessel wall, directly around the trophoblastic surfaces of
the placental villi. The villi are complex tree-like projec-
tions of the chorionic plate into the intervillous space.
Inside the villi are fetal vessels that are connected to the
fetal circulatory system via the chorionic plate and the
umbilical cord. At the placental margin, the intervillous
space is obliterated so that the chorionic plate and the
basal plate fuse with each other and thus form the chorion
laeve.
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TaBLE 4.1. Placental classification at term in various animal orders
Fetomaternal Fetomaternal blood Neonatal/placental

Order/species Placental shape interdigitation Placental barrier flow interrelations weight ratio
Marsupialia

Opossum Discoidal Folded Epitheliochorial — —
Insectivora

Sorex Discoidal Labyrinthine Endotheliochorial — —

European mole Discoidal Labyrinthine Endotheliochorial — —

Pacific mole Diffuse Labyrinthine Hemochorial — —
Primates

Tupaia Bidiscoidal Labyrinthine Endotheliochorial Double cross-current 18:1

Galago Diffuse Folded Epitheliochorial — —

Marmoset Bidiscoidal Trabecular Hemomonochorial Multivillous —

Rhesus monkey Bidiscoidal Villous Hemomonochorial Multivillous —

Great apes Discoidal Villous Hemomonochorial Multivillous —

Human Discoidal Villous Hemomonochorial Multivillous —
Chiroptera

Microchiroptera Discoidal Labyrinthine Endotheliochorial — —

Molossidae Discoidal Labyrinthine Hemodichorial — —
Lagomorpha

Rabbit Discoidal Labyrinthine Hemodichorial Countercurrent 6:1

Hare Discoidal Labyrinthine Hemodichorial — —
Rodentia

Guinea pig Discoidal Labyrinthine Hemomonochorial Countercurrent 20:1

Chinchilla Discoidal Labyrinthine Hemomonochorial Countercurrent 30:1

Hamster Discoidal Labyrinthine Hemotrichorial Countercurrent —

Beaver Discoidal Labyrinthine Hemodichorial — —

Mouse Discoidal Labyrinthine Hemotrichorial Countercurrent —

Rat Discoidal Labyrinthine Hemotrichorial Countercurrent 10:1
Cetacea

Dolphin Diffuse Villous Epitheliochorial — —
Carnivora

Dog Zonary Lamellar Endotheliochorial — —

Cat Zonary Lamellar Endotheliochorial Simple cross-current 8:1

Bear Zonary Lamellar Endotheliochorial —

Hyena Zonary Villous/labyrinthine Hemomonochorial — —
Sirenia

Manatee Zonary Labyrinthine Hemochorial — —
Pholidota

Pangolin Diffuse Villous Epitheliochorial — —
Proboscidea

Elephant Zonary Villous Endotheliochorial — —
Hyracoidea

Hyrax Zonary Labyrinthine Hemochorial — —
Edentata

Sloth Discoidal Labyrinthine Endotheliochorial — —

Armadillo Discoidal Villous Hemochorial — —
Perissodactyla

Horse Diffuse Villous Epitheliochorial — —

Rhinoceros Diffuse Villous Epitheliochorial — —
Artiodactyla

Pig Diffuse Folded Epitheliochorial Double cross-current 9:1

Alpaca Diffuse Folded/villous Epitheliochorial — —

Sheep Cotyledonary Villous Epitheliochorial Multivillous 10:1

Goat Cotyledonary Villous Epitheliochorial Multivillous 10:1

Cow Cotyledonary Villous Epitheliochorial Multivillous

The data were assembled from the following publications: Wimsatt (1962), Enders (1965), Bjorkman (1970), Starck (1975), Ramsey (1982),
Mossman (1987), Dantzer et al. (1988).
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Early Development of the Human Placenta

For many years, understanding placental pathology was
thought to demand only a limited knowledge of implan-
tation and early placental development, because distur-
bances of these early steps of placentation seemed to
cause abortion rather than affecting placental structure
and function. Increasing experience with assisted fertil-
ization, however, has taught us that an increased percent-
age of these cases show impaired fetal and neonatal
outcome such as an increased incidence of intrauterine
growth retardation and retroplacental hematoma, as well
as increased perinatal mortality (Beck & Heywinkel,
1990). The causal connections are still unknown, although
the authors give some arguments that placental causes
must be considered. It must be speculated that improper
conditions during implantation handicap early develop-
ment and finally result in the inappropriate functioning
of the fetoplacental unit.

Basic information concerning early development may
be of increasing importance and thus is presented in this
chapter. The pathologically interesting interactions
between the site of implantation and the shape of the
placenta are considered in Chapter 13.

Prelacunar Stage

According to the general definition of the placenta given
earlier, the development of the placenta begins as soon
as the fetal membranes establish close and stable contacts
with the uterine mucosa, that is, as soon as the blastocyst
implants. To deal with the molecular mechanisms of
implantation in detail would be beyond the scope of this
chapter. For this purpose we refer the reader to the litera-
ture (Loke et al., 1995; Yoshimura et al., 1995, 1998; Aplin,
1996, 2000; Rao & Sanfilippo, 1997; Simon et al., 1998;
Bentin-Ley & Lopata, 2000; Loke & King, 2000; Sunder
& Lenton, 2000; Merviel et al., 2001a,b; Lindhard et al.,
2002).
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The first step of implantation is called apposition. In
the human it takes place around day 6 to 7 postcoitus
(p.c.) (day 1 p.c. = the first 24 hours after conception).
During this stage, the implanting blastocyst is composed
of 107 to 256 cells (Hertig, 1960; Boyd & Hamilton, 1970).
Itis a flattened vesicle, measuring about 0.1 X 0.3 x 0.3 mm
in diameter. Most of the cells make up the outer wall
(trophoblast) surrounding the blastocystic cavity (Fig.
5.1A). Generally speaking, the trophoblast is the forerun-
ner of the fetal membranes, including the placenta. The
inner cell mass, a small group of larger cells that form the
embryoblast, is apposed to the inner surface of the
trophoblastic vesicle. The embryo, umbilical cord, and
amnion are derived from these cells. Moreover, both
embryoblast-derived mesenchyme and embryoblast-
derived blood vessels contribute to the formation of the
placenta.

In most cases, the blastocyst is oriented in such a way
that the embryonic pole (that part of the blastocyst
bearing the embryoblast at its inner surface) is attached
to the endometrium first (Boyd & Hamilton, 1970).
Accordingly, this part of the circumference is also called
the implantation pole. Rotation of the blastocyst in such
a way that the embryonic pole and the implantation pole
are not identical results in abnormal cord insertion. Thus,
in moderate cases we find an eccentric or marginal
insertion of the cord;in severe cases a velamentous cord
insertion may be the consequence (see Chapter 12). The
usual implantation site is the upper part of the posterior
wall of the uterine body, near the midsagittal plane.
According to Mossman (1937, 1987), this region is homol-
ogous with the antimesometrial wall of a bicornuate
uterus, where primary attachment takes place in most
mammals.

In all species, implantation is introduced by attachment
of the apical plasma membranes of the blastocystic
trophoblast to the apical plasma membranes of the
uterine epithelium. This phenomenon has been described
by Denker (1990) as a cell biologic paradox because
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Ficure 5.1. Simplified drawings of typical stages of early
placental development. a,b: Prelacunar stages. c: Lacunar stage.
d: Transition from lacunar to primary villous stage. e: Secondary
villous stage. f: Tertiary villous stage. Note that the basal seg-
ments of the anchoring villi (e,f) remain merely trophoblastic,
finally forming cell columns. All maternal tissues are in red, and
all fetal tissues are in blue. Fibrinoid of mixed, maternal, and
fetal origin are in lilac. E, endometrial epithelium; EB, embryo-

apical plasma membranes of epithelia are normally
known to be nonadhesive. Adhesiveness is a normal
quality of basolateral epithelial plasma membranes, which
are thus attached both to each other and to their basal
laminae.

The blastocyst and the endometrium show this usual
epithelial behavior throughout the entire preimplantation
phase so long as the blastocyst moves in the fallopian tube
and uterine cavity. Apical adhesiveness of both epithelia,
the trophoblast and endometrium, is apparently achieved
for only a short, specific phase, which has been called the
implantation window (Psychoyos, 1988). This phase is
used for attachment of the blastocyst. To find or to gener-
ate this window is the most important prerequisite for
successful implantation following in vitro fertilization.
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blast; CT, cytotrophoblast; ST, syncytiotrophoblast; EM, extra-
embryonic mesoderm; CP, primary chorionic plate; T, trabeculae
and primary villi, L, maternal blood lacunae; TS, trophoblastic
shell; EV, endometrial vessel; D, decidua; RF, Rohr’s fibrinoid;
NF, Nitabuch’s or uteroplacental fibrinoid; G, trophoblastic
giant cell; EVT, extravillous cytotrophoblast; BP, basal plate; PB,
placental bed; J, junctional zone; M, myometrium. (Source:
Modified from Kaufmann & Scheffen, 1992, with permission.)

With the noninvasive types of implantation, the epithe-
liochorial placentation (e.g., pig, horse, some ruminants),
implantation is arrested at the stage of attachment. Inva-
sion with destruction of either epithelial surface does not
follow. In contrast, in most mammals more intimate types
of maternal-fetal contacts are established by invasion.
In the human, implantation is also an invasive process.
Knowledge of structural details, however, is largely
lacking, as appropriate human material is rare and is
usually poorly preserved when it is available. Numerous
studies in animals have revealed the existence of three
types of invasive implantation (Schlafke & Enders, 1975;
Denker, 1990):

1. Displacement type. This type is observed in rodents. The
blastocyst is attached to the apical plasma membrane of the uterine
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epithelium. These cells degenerate thereafter and detach from the basal
lamina. The subsequent penetration of the basal lamina is initiated by
the underlying decidual cells, rather than by penetrative activities of the
trophoblast itself.

2. Fusion type. The apical plasma membrane of the attached tro-
phoblast fuses with the apical membranes of the uterine epithelial cells
and forms a mixed syncytium, derived from maternal and trophoblastic
cells. This syncytium then actively penetrates the basal lamina and
endometrial connective tissue, and finally it erodes the maternal blood
vessels. This mode of invasion has been described for the rabbit.
According to Larsen (1970), it may also be present in the human.

3. Intrusive type. This type is the usual one in carnivores. Small
extensions of syncytiotrophoblast intrude into the intercellular clefts
between the uterine epithelial cells, opening the infercellular junctions
between the epithelial cells. At the same time, new junctions between
trophoblast and uterine epithelium are formed. In some species, even
a local formation of mixed syncytia composed of maternal and tropho-
blastic origin has been observed. Based on the results of investigations
by Larsen (1970), this mechanism of implantation may also pertain for
the human.

Lacking respective human findings, further structural details and
mechanisms of the implantation process are not discussed here. For this
purpose, we refer the reader to the comparative anatomy literature
(for reviews, see Finn, 1977; Denker, 1977, 1990; Pijnenborg et al.,
1981; Denker & Aplin, 1990).

During attachment and after invasion of the endome-
trial epithelium, the trophoblastic cells of the implanting
embryonic pole of the blastocyst show increased prolif-
eration that results in a double-layered trophoblast
(Heuser & Streeter, 1941). The outer of the two layers,
directly facing the maternal tissue, is transformed to a
syncytiotrophoblast by fusion of neighboring trophoblast
cells. The remaining cellular components of the blastocyst
wall, which have not yet achieved contact to maternal
tissues, remain temporally unfused and are called cyto-
trophoblast (Fig. 5.1A). Throughout the following days
and with progressive invasion, additional parts of the
blastocyst surface come into close contact with maternal
tissues, followed by trophoblastic proliferation with sub-
sequent fusion. The mass of syncytiotrophoblast increases
and achieves considerable thickness at the implantation
pole, as the cytotrophoblast lying underneath continues
to proliferate and fuses syncytially. The mass increases
further by expanding over the surface of the implanting
blastocyst as implantation progresses. At the implanta-
tion pole, this is not a smooth-surfaced mass; rather, it is
covered with branching, finger-like extensions that deeply
invade the endometrium. This first stage, lasting from day
7 to day 8 p.c., during which time the syncytiotrophoblast
(except for its basal extensions) is a rather solid mass, was
defined as representing the prelacunar period by Wislocki
and Streeter (1938).

The syncytiotrophoblast has lost its generative potency
during fusion. The cytotrophoblast acts as a stem cell that
guarantees growth of the trophoblast by continuous pro-
liferation, with subsequent fusion (see Chapter 6). The
syncytiotrophoblast is formed by cellular fusion (i.e., syn-
cytium), rather than by nuclear division without subse-
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quent cytoplasmic division (i.e., plasmodium). Therefore,
Bargmann and Knoop (1959) suggested that the term
plasmodiotrophoblast (often used in the literature) be
abandoned and replaced by syncytiotrophoblast.

The syncytiotrophoblast is a continuous system, not
interrupted by intercellular spaces, and composed of
neither individual cells nor individual syncytial units.
Terms such as syncytial cells and syncytiotrophoblasts,
which are widely used in the literature, are inappropriate.
The few available reports that point to the existence
of vertical cell membranes that subdivide the syncytium
into syncytial units (e.g., Tedde et al., 1988 a,b) have an
accidental rather than a real basis (see Chapter 6).

Lacunar Stage

On day 8 p.c., small intrasyncytial vacuoles appear in the
increasing syncytiotrophoblastic mass at the implantation
pole. The vacuoles quickly grow and become confluent,
forming a system of lacunae (Fig. 5.1B,C). The separating
lamellae and pillars of syncytiotrophoblast are called the
trabeculae. Their appearance marks the beginning of the
lacunar or trabecular stage of placentation, which lasts
from day 8 to day 13 p.c. Lacuna formation starts at the
implantation pole. With advancing implantation, the syn-
cytiotrophoblastic mass expands over the entire blasto-
cystic surface. In all those places where it exceeds a
certain critical thickness, new lacunae become evident, so
that the lacunar system extends all over the blastocyst
within a few days.

This process lasts until day 12 p.c., when the blastocyst
is so deeply implanted that the uterine epithelium closes
over the implantation site (Boyd & Hamilton, 1970). At
this time, the outer surface of the blastocyst is completely
transformed to syncytiotrophoblast. At its inner surface,
it is covered by a locally incomplete layer of cytotropho-
blast. Because trophoblastic proliferation and syncytial
fusion have started at the implantation pole, the tropho-
blastic wall is considerably thicker at this point compared
to the antiimplantation pole. This difference in thickness
is never made up by the thinner parts during the subse-
quent developmental steps. The thicker trophoblast of
the implantation pole is later transformed to the placenta,
whereas the opposing thinner trophoblastic circumfer-
ence only initially attempts to establish the same struc-
ture; later it shows regressive transformation to the
smooth chorion, the membranes. All data of placental
development given in this volume refer to the situation
at the implantation pole.

Lacunar formation subdivides the trophoblastic cover-
ing of the blastocyst into three layers (Fig. 5.1C,D): (1)
primary chorionic plate, facing the blastocystic cavity; (2)
lacunar system together with the trabeculae; and (3)
trophoblastic shell, facing the endometrium.
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The primary chorionic plate is composed of a more
or less continuous stratum of cytotrophoblast, which in
some places is double- or even triple-layered. Toward the
lacunae, the cytotrophoblast is covered by syncytiotro-
phoblast (Fig. 5.1D). On day 14 p.c., mesenchymal cells
spread around the inner surface of the cytotrophoblast
layer. There they transform to a loose network of branch-
ing cells, the extraembryonic mesenchyme. In the older
literature, this mesenchyme had been thought to be of
trophoblastic origin (Hertig, 1935; Wislocki & Streeter,
1938; Hertig & Rock, 1941, 1945, 1949). When reevaluat-
ing the Carnegie collection of early human ova, Luckett
(1978) found proof that these primitive connective tissue
cells were derived from the embryonic disk. Later,
Luckett’s findings were supported by Enders and King
(1988), who studied the mesenchymal development in
early macaque development.

Below the primary chorionic plate is the lacunar system.
The lacunae are separated from each other by septa or
pillars of syncytiotrophoblast, the trabeculae (Fig. 5.1C).
Originally, these trabeculae were merely syncytiotropho-
blastic in nature. Around day 12 p.c., however, they are
invaded by cytotrophoblastic cells (Fig. 5.1D), which are
derived from the primary chorionic plate. Within a few
days the cytotrophoblast spreads over the entire length
of the trabeculae. Where the peripheral ends of the tra-
beculae join together, they form the outermost layer of
the trophoblast, the trophoblastic shell (Hertig & Rock,
1941; Boyd & Hamilton, 1970). In the beginning, this is a
merely syncytiotrophoblastic structure, but as soon as the
cytotrophoblast reaches the shell via the trabeculae
(about day 15 p.c.), the former achieves a more hetero-
geneous structure (Fig. 5.1E). The syncytiotrophoblast
establishes the bottom of the lacunae. It is followed by a
more or less complete and sometimes multilayered zone
of cytotrophoblast. Below the latter and facing the endo-
metrial connective tissue, one again can find discontinu-
ous syncytiotrophoblastic elements.

During the early stages of implantation, erosion of the
maternal tissues occurred under the lytic influence of the
syncytial trophoblast. Now the appearance of proliferat-
ing and migrating cytotrophoblast at the bottom of the
shell starts trophoblast invasion, a key event during
implantation and placentation that is responsible not
only for further invasion of the blastocyst but also for
adaptation of the maternal vessels to pregnancy condi-
tions and for anchorage of the developing placenta (Boyd
& Hamilton, 1970; Pijnenborg et al., 1981; Enders, 1997).
In the course of this process, numerous syncytial elements
can be observed far removed from the trophoblastic shell,
in the depth of the uterine wall. Boyd and Hamilton
(1970) suggested that they were remnants of the origi-
nally merely syncytiotrophoblastic shell. More recent
publications have provided evidence that these so-called
syncytiotrophoblastic or multinuclear giant cells are
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derived from invading cytotrophoblast that later fused
(Park, 1971; Robertson & Warner, 1974; Pijnenborg et al.,
1981).

The endometrial stroma undergoes remarkable changes
throughout this process. The presence of eroding tropho-
blast, by being a mechanical irritant and by hormonal
activity, causes the endometrial stromal cells to prolifer-
ate and to enlarge, thus giving rise to the decidual cells
(Kaiser, 1960; Dallenbach-Hellweg & Sievers, 1975; Welsh
& Enders, 1985). Further structural and functional details
are presented in Chapter 9.

The invasive activities of the basal syncytiotrophoblast
from day 12 p.c. on cause disintegration of the maternal
endometrial vessel walls. Blood cells, leaving the leaky
capillaries at that time, are found inside the lacunae
(Boyd & Hamilton, 1970). The detailed mechanisms of
this phenomenon are still a mystery of early implantation.
Studies on rabbit implantation showed subepithelial cap-
illary coiling and dilatation as the initial process, resulting
in increased capillary permeability and stromal edema
(Hafez & Tsutsumi, 1966; Finn, 1977, Hoos & Hoffman,
1980). This is followed by disintegration of the walls of
capillary loops, a process that is likely to be induced by
the trophoblast nearby (Larsen, 1961; Denker, 1980;
Steven, 1983). At the same time, the disintegrating
capillaries are surrounded by the basally expanding syn-
cytiotrophoblast, which replaces the capillary walls in
stepwise fashion (Leiser & Beier, 1988). It thus forms
new lacunae.

In the next developmental step, the newly formed
lacunae fuse with the already preexisting lacunae and
thus establish the maternal perfusion of the entire lacunar
system. Further invasion of the trophoblast, with progres-
sive incorporation of the capillary limbs down to their
arteriolar beginnings and their venular endings, provides
the anatomic basis for the final formation of separate
arterial inlets into the lacunar system as well as venous
outlets.

Throughout the first steps of development, the mater-
nal blood in the lacunae, which is propelled only by capil-
lary pressure, moves sluggishly. With deeper invasion of
the endometrium, the spiral arteries are also eroded,
resulting in a higher intralacunar blood pressure and in
the first real maternal circulation of the placenta.

Note that these views are based largely on studies per-
formed in animals with labyrinthine placentas. Morpho-
logic (Hustin et al., 1988) and clinical studies in the human
(Doppler ultrasound, endoscopy) (Schaaps & Hustin,
1988) have suggested that efficient maternal blood flow
in the normal human placenta is established only after
the 12th week of pregnancy (see Chapter 9). This finding
is surprising, in particular because the structural processes
of lacuna formation look similar to those in labyrinthine
placentas. Further studies are required to solve this
problem.
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Early Villous Stages

Shortly after the first appearance of maternal erythro-
cytes in the lacunae, on about day 13 p.c., increased cyto-
trophoblastic proliferation with subsequent syncytial
fusion in the trabeculae takes place. As a result, not only
can longitudinal trabecular growth be observed but also
blindly ending syncytial side branches form and protrude
into the lacunae (Fig. 5.1D,E). With increasing length and
diameter, these primary villi are invaded by cytotropho-
blast. Both processes mark the beginning of the villous
stages of placentation. Further proliferative activities,
with branching of the primary villi, initiate the develop-
ment of primitive villous trees, the stems of which are
derived from the former trabeculae (Fig. 5.1E). When the
latter keep their contact to the trophoblastic shell, they
are called anchoring villi. At the same time, the lacunar
system, by definition, is transformed into the intervillous
space.

Only 2 days later mesenchymal cells derived from the
extraembryonic mesenchyme layer of the primary chori-
onic plate begin to invade the villi, transforming them
into secondary villi (Fig. 5.1E). Within a few days, the
mesenchyme expands peripherally to the villous tips and
near the basis of the anchoring villi (Wislocki & Streeter,
1938; Hertig & Rock, 1945; Boyd & Hamilton, 1970).

The expanding villous mesenchyme does not reach the
trophoblastic shell, which during these early stages of
placentation remains free of fetal connective tissue.
Rather, the basal segments of the trabeculae persist until
the late stages of pregnancy on the primary villous stage,
consisting of clusters of cytotrophoblast that are
surrounded by a thin and partly incomplete sheet of
syncytiotrophoblast. These cytotrophoblastic feet of the
trabeculae or anchoring villi (Fig. 5.1E,F) are called cell
columns. They are places of longitudinal growth of
anchoring villi as well as sources of extravillous tropho-
blast (see Chapter 9). A similar phenomenon can be
found in some free-floating villi. If the villous tips are not
invaded by villous mesenchyme, they also persist on the
primary villous stage as merely trophoblastic structures.
Thus, briefly, cytotrophoblast shows nearly explosive pro-
liferation transforming the villous tips into trophoblastic
cell islands (see Chapter 9). The function of these cell
islands is still uncertain.

The earlier theories of an additional in situ delamina-
tion of mesenchyme from villous cytotrophoblast (Hertig,
1935; Wislocki & Streeter, 1938; Hertig & Rock, 1945)
have been refuted by Dempsey (1972), King (1987), and
Demir et al. (1989). Their electron microscopic studies,
performed on human and rhesus monkey placentas,
showed that cytotrophoblast and villous mesenchyme are
always clearly separated from each other by a complete
basal lamina, which is never transgressed by a delaminat-
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ing cytotrophoblast that might transform to mesenchyme,
as was once thought to be the case.

With a few days’ delay and beginning between days 18
and 20 p.c., the first fetal capillaries can be observed in
the mesenchyme. They are derived from hemangioblastic
progenitor cells (see Chapter 6, Fig. 7.21), which locally
differentiate from the mesenchyme (King, 1987; Demir et
al., 1989). The same progenitor cells give rise to groups
of hematopoietic stem cells, which are always surrounded
by the early endothelium and are thus positioned within
the primitive capillaries (Fig. 7.22¢). The appearance of
cross sections of capillaries in the villous stroma marks
the development of the first tertiary villi. Until term, all
fetally vascularized villi (comprising most of the villi) can
be subsumed under this name. Henceforth, only cell
columns and cell islands, as well as transitory develop-
mental stages of new villous formation (trophoblastic and
villous sprouts), correspond to primary or secondary villi.
At about the same time the fetal vascularization of the
villi begins, the fetally vascularized allantois (Fig. 5.2)
reaches the chorionic plate and fuses with the latter.
Allantoic vessels develop into the chorionic plate and,
according to Benirschke (1965), even into the larger villi.
There they come into contact with the locally formed
intravillous capillary segments. A complete fetoplacental
circulation is established around the beginning of the Sth
week p.c., as soon as enough capillary segments are fused
with each other to form a regular capillary bed. Intravas-
cular hematopoiesis can be observed during the following
weeks, restricted to newly sprouting villi with de novo
produced capillaries in most cases.

The expansion of the early villous trees takes place in
the following way (Castellucci et al., 1990): at the surfaces
of the larger villi, local cytotrophoblast proliferation with
subsequent syncytial fusion causes the production of syn-
cytial (trophoblastic) sprouts (see Chapter 7, Fig. 7.12).
These sprouts are structurally comparable to the early
primary villi and are composed of only trophoblast. Most
of the syncytial sprouts degenerate again, probably the
result of inappropriate local conditions; only some are
invaded by villous mesenchyme and are thus transformed
into the so-called villous sprouts (see Fig. 7.13). They cor-
respond structurally to the secondary villi of the first
steps of placentation. Formation of fetal vessels within
the stroma (see Figs. 7.22 and 7.14), with subsequent
growth in length and width, is characteristic of the trans-
formation into new mesenchymal villi. Along their sur-
faces,new sprouts are again produced. (For further details,
see Chapter 7.)

Assuming that there is already an intervillous circula-
tion in the human placenta, fetal and maternal blood
come into close contact with each other as soon as an
intravillous (i.e., fetal) circulation is established. The two
bloodstreams are always separated by the placental
barrier (see Fig. 6.1D), which is composed of the follow-
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FIGURE 5.2. Semithin section across embryo and placenta of the
4th week after conception. Underneath the embryo (E) one can
identify the connective stalk (CS) as precursor of the cord, the
yolk sac (YS), and a small amnionic vesicle (AV). The chorionic
cavity is surrounded by the chorionic plate (CP); from the latter,

ing layers: (1) a continuous layer of syncytiotrophoblast
covering the villous surface and thus lining the intervil-
lous space; (2) an initially (first trimester) complete, but
later (second and third trimesters) discontinuous layer of
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numerous placental villi protrude into the surrounding intervil-
lous space (IVS). The basal plate is missing in this specimen, as
itremained in utero, attached to the endometrium. x9.5. (Source:
Kaufmann, 1990, with permission.)

cytotrophoblast (Langhans’ cells); (3) a trophoblastic
basal lamina; (4) connective tissue; and (5) fetal endothe-
lium, which is surrounded only by an endothelial basal
lamina in the last trimester.
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Throughout the subsequent periods of development,
the tertiary villi undergo a complex process of differen-
tiation that results in various villous types that differ from
each other in terms of structure and function (see Chapter
7). This differentiation process is paralleled by qualitative
and quantitative changes of the placental barrier: The
syncytiotrophoblast is reduced in thickness from more
than 20mm to a mean of 3.5mm. The cytotrophoblast is
rarefied and, at term, it can be found in only 20% of the
villous surface. The mean villous diameter decreases
because the newly formed villous types are generally
smaller than those preceding. Because of this latter
process, the intravillous position of the fetal capillaries
comes closer to the villous surface with advanced matura-
tion. In many places, the capillary basal lamina may even
fuse with that of the trophoblast (see Fig. 6.7A), thus
considerably reducing the barrier in thickness and number
of layers.

In summary, all these factors result in a reduction of
the mean maternofetal diffusion distance from 50 to
100mm in the second month to between 4 and Smm at
term. The evident functional and pathogenetic impor-
tance of these phenomena makes it advisable to discuss
the villous differentiation in more detail in Chapter 7.
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Basic Structure of the Villous Trees

M. Castellucci and P. Kaufmann

Nearly the entire maternofetal and fetomaternal exchange
takes place in the placental villi. There is only a limited
contribution to this exchange by the extraplacental mem-
branes. In addition, most metabolic and endocrine activi-
ties of the placenta have been localized in the villi (for
review, see Groschel-Stewart, 1981; Miller & Thiede, 1984;
Knobil & Neill, 1993; Polin et al., 2004).

Throughout placental development, different types of
villi emerge that have differing structural and functional
specializations. Despite this diversification, all villi exhibit
the same basic structure (Fig. 6.1):

e They are covered by syncytiotrophoblast, an epithelial
surface layer that separates the villous interior from
the maternal blood, which flows around the villi. Unlike
other epithelia, the syncytiotrophoblast is not com-
posed of individual cells but represents a continuous,
uninterrupted, multinucleated surface layer without
separating cell borders (Fig. 6.1C; see Fig.6.21, and
Chapter 7, Fig. 7.11).

e Beneath the syncytiotrophoblast is an interrupted layer
of cytotrophoblast, which consists of single or aggre-
gated cells, the Langhans’ cells, which are the stem cells
of the syncytiotrophoblast; they support the growth
and regeneration of the latter.

¢ The trophoblastic basement membrane separates syn-
cytiotrophoblast and cytotrophoblast from the stromal
core of the villi.

¢ The stroma is composed of varying numbers and types
of connective tissue cells, connective tissue fibers, and
ground substance.

¢ Additionally, the stroma contains fetal vessels of various
kinds and calibers. In the larger stem villi, the vessels
are mainly arteries and veins;in the peripheral branches,
most fetal vessels are capillaries or sinusoids.
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Syncytium or Multinucleated Giant Cells?

The syncytiotrophoblast is a continuous, normally unin-
terrupted layer that extends over the surfaces of all villous
trees as well as over parts of the inner surfaces of chori-
onic and basal plates. It thus lines the intervillous
space. Systematic electron microscopic studies of the syn-
cytial layer (e.g., Bargmann & Knoop, 1959; Schiebler &
Kaufmann, 1969; Boyd & Hamilton, 1970; Kaufmann
& Stegner, 1972; Schweikhart & Kaufmann, 1977; Wang
& Schneider, 1987) have revealed no evidence that the
syncytiotrophoblast is composed of separate units. Rather,
it is a single continuous structure for every placenta. Only
in later stages of pregnancy, as a consequence of focal
degeneration of syncytiotrophoblast, fibrinoid plaques
may isolate small islands of syncytiotrophoblast from the
surrounding syncytial continuum; this happens mainly at
the surfaces of chorionic and basal plates. Therefore,
terms such as syncytial cells and syncytiotrophoblasts,
widely used in experimental disciplines, are inappropriate
and should be avoided. Their use points to a basic
misunderstanding of the real nature of the
syncytiotrophoblast.

Where the syncytiotrophoblast due to degenerative
processes is interrupted, the gap is filled by fibrin-type
fibrinoid (see Chapter 9). A few reports (Tedde et al.,
1988a,b) have pointed to the existence of vertical cell
membranes that seemingly subdivide the syncytium into
syncytial units. These extremely rare findings have an
accidental rather than a real basis. They represent the
likely results of a syncytiotrophoblastic repair mechanism
(Figs. 6.1, 6.2B, and 6.3). That is, after syncytial rupture,
apical and basal plasmalemmas fuse at either side of the
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FiGure 6.1. Basic morphology of human placental villi. A:
Simplified longitudinal section across the uterus, placenta, and
membranes in the human. The chorionic sac, consisting of pla-
centa (left half) and membranes (right half), is black. B: Periph-
eral ramifications of the mature villous tree, consisting of a stem
villus (1), which continues in a bulbous immature intermediate
villus (3); the slender side branches (2) are the mature interme-
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diate villi, the surface of which is densely covered with grape-
like terminal villi (4). C: Highly simplified light microscopic
section of two terminal villi, branching off a mature intermedi-
ate villus (right). D: Schematic electron microscopic section of
the placental barrier, demonstrating its typical layers. (Source:
Modified from Kaufmann, 1983, with permission.)
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FiGURE 6.2. Remains of cell membranes in the syncytiotropho-
blast result from two mechanisms: fusion of neighboring villous
surfaces forming bridges and repair of disrupted syncytial sur-
faces. A: As a first step of formation of syncytial bridges between
adjacent villi, the opposing microvillous membranes interdigi-
tate. The identical initial step occurs as a first step of wound
repair when the disrupted ends of syncytiotrophoblast become
covered by microvillous membranes, which subsequently come
into contact and interdigitate. x14,500. B: Follow-up stage of
that depicted in part A. The interdigitating syncytial surfaces

wound, thus avoiding further loss of syncytioplasm. After-
ward, either a fibrinoid plug closes the wound, or the
disconnected parts of the syncytium again come into
close contact to form a lateral intercellular cleft bridged
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have largely lost their microvilli and now establish a smooth
intercellular cleft bridged by numerous desmosomes that verti-
cally traverse the syncytiotrophoblast. (See the survey picture
in Figure 6.3.) x11,000. C: As the next step of repair, the newly
developed separating cell membranes show disintegration
(arrows) so that the newly formed intrasyncytial cleft becomes
focally bridged by syncytioplasm. After complete disintegration
of membranes and desmosomes, the syncytial villous cover is
again continuous. x13,800. (Source: Cantle et al., 1987, with
permission.)

by desmosomes. Later, fusion occurs by disintegration of
the separating membranes (Fig. 6.2). Transitory stages of
this process may be misinterpreted as borders of syncytial
units.
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FIGURE 6.3. Survey electron micrograph of the section shown
in Figure 6.2B demonstrates that in intermediate stages of syn-
cytial repair the villous syncytial trophoblast can be traversed
by vertical “intercellular” clefts connecting the intervillous

Many authors have described remainders of intercellular junc-
tions within the syncytiotrophoblast (Carter, 1963, 1964; Boyd &
Hamilton, 1966; Burgos & Rodriguez, 1966; Metz et al., 1979; Reale
et al., 1980; Wang & Schneider, 1987). Some investigators have
inferpreted these junctions as vestiges of a former cellular state of the
syncytium or as proof of recent cytotrophoblastic contribution to the
syncytiotrophoblast (Carter, 1963, 1964; Boyd & Hamilton, 1966). In
a systematic study of these junctions, Metz et al. (1979) as well as
Reale et al. (1980) have described zonulae and maculae occludentes
that were mostly located in apical membrane infoldings, as well as
numerous isolated desmosomes, without contact to any surface mem-
branes. The structural evidence has been supported by recent immuno-
histochemical data that show zonula occludens type 1 (ZO-1) as well
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space (IVS) with the connective tissue core (CO) of the villi.
Such intrasyncytial membranes must not be misinterpreted as
stable intercellular clefts subdividing the syncytium in smaller
syncytial units. x7000.

as occludin in the apical part of syncytiotrophoblast (Marzioni et al.,
2001). The authors of the publications considered above hypothesized
that these junctions represent stages of several dynamic processes: for
example,

e remainders of cytotrophoblastic fusion with the overlying syncytium,

e establishment of intervillous contacts by partial or complete syncytio-
trophoblastic surface fusion,

® repair of syncytial disruption, or

e decomposition of temporary
syncytiotrophoblast.

surface  invagination of the

The syncytiotrophoblast must be seen as a highly dynamic layer that is
qualified for ameboid movements. Disconnection with subsequent re-
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fusion and the formation of invaginations and bridges seem to be
regular phenomena.

We not only find the ultrastructural remains of this process but also
can easily observe it in vitro; when we (1) carefully trypsinize villi from
fullterm placentas, (2) remove mesenchymal cells by means of CD9-
antibodies, (3) remove cytotrophoblast by means of a hepatocyte
growth factor-activator-inhibitor (HAI-1) antibody (Pétgens et al., 2003),
and (d) let the remaining isolated tissues adhere on culture dishes, we
obtain a nearly pure population of mononucleated fragments of syncy-
tiotrophoblast. These small CD105-positive mononucleated trophoblast
elements, which result in large numbers during any attempt of tropho-
blast isolation, should not be misinterpreted as cytotrophoblast (Pétgens
etal., 2003), even though they are cytokeratin-positive and each adher-
ent syncytial fragment is surrounded by a plasmalemma (Huppertz et
al. 1999). Within 1 or 2 further days of culture, the fragments start re-
fusion, then again forming islands of syncytiotrophoblast.

Syncytial Plasmalemmas and Microvilli

With deference to the intentions of this chapter, we con-
sider here only briefly some aspects of the plasma mem-
branes of the syncytiotrophoblast. Sideri et al. (1983)
have pointed to differences between the syncytiotropho-
blastic brush-border membrane (BBM,; facing the mater-
nal blood) and the basal plasma membrane (BPM; facing
adjacent cytotrophoblast or the basal lamina) of the syn-
cytiotrophoblast. Both plasmalemmas exhibit different
densities of intramembranous proteins. Vanderpuye and
Smith (1987) presented a useful review of the relevant
data. Later studies have confirmed these differences
between BBM and BPM. They showed that receptors for
calcitonin (Lafond et al., 1994) and calcitonin gene-
related peptide (Lafond et al., 1997), as well as muscarinic
(Pavia et al., 1997) and transferrin receptors (Verrijt et
al., 1997) are different in number, affinity, and distribu-
tion of their subtypes in BBM and BPM. In addition,
some G-protein subunits (Mabrouk et al., 1996) and
protein kinase C isoforms (Ruzycky et al., 1996) showed
different distributions in the two membranes.

Microvilli nearly completely cover the syncytiotropho-
blastic surface and represent an enormous maternofetal
contact zone (see Fig. 6.14). At term, the presence of
microvilli multiplies the total villous surface area of about
12m? (see Chapter 28, Table 28.5) by a factor of about
7.67 (Teasdale & Jean-Jacques, 1986; see also Mayhew,
1985). Because of their localization at the maternal-fetal
border, the microvilli have engendered much immuno-
logic and cell biologic interest. Two summarizing articles
provide details (Smith et al., 1977; Truman & Ford,
1984).

Morphologic studies of microvillus structure and its functional signifi-
cance have been published by Boyd et al. (1968b), Herbst and
Multier (1970), Wainwright and Wainwright (1974), Truman et al.
(1981), King (1983), Al-Zuhair et al. (1983, 1987), Mazzanti et al.
(1994), and Jaggi et al. (1995). Most of the histochemical studies
concerning the composition of the microvillous membrane focused on
the glycocalix. They describe its polysaccharide composition and
discuss the immunologic relevance of the polysaccharides (Bradbury
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et al., 1969, 1970; Rovasio & Monis, 1973; Liebhart, 1974; Martin
et al., 1974; Okudaira & Hayakawa, 1975; Nelson et al., 1976;
Wada et al., 1977, 1979; Kelley et al., 1979; King, 1981; Wasser-
man et al., 1983a,b; Fisher et al., 1984; Parmley et al., 1984;
Maubert et al., 1997). Various lectin-binding sites have been described
by Whyte (1980), Gabius et al. (1987), Hoyer and Kirkeby (1996),
and Lang et al. (1994a,b).

Cytochemical demonstration of membrane-bound enzymes
studied in the transmission electron microscope (TEM) comprise alkaline
phosphatase (Hempel & Geyer, 1969; Borst et al., 1973; Hulstaert et
al., 1973; Kameya et al., 1973; Jemmerson et al., 1985; Matsubara
et al., 1987¢), galactosyliransferase (Nelson et al., 1977), a-amylase
(Fisher & Laine, 1983), protein kinases (Albe et al., 1983), Ca-ATPase
(Matsubara et al., 1987b), cyclic 3,5-nucleotide phosphodiesterase
(Matsubara et al., 1987d), 5-nucleotidase (Matsubara et al., 1987q),
and nicotinamide adenine dinucleotide phosphate diaphorase
(Matsubara et al., 1997).

The analysis of surface receptors involved in transplacental
transfer has achieved even more importance for our understanding
of transplacental transport (King, 1976; Ockleford & Menon, 1977;
Wood et al., 1978a,b; Galbraith et al., 1980; Johnson & Brown,
1980; Brown & Johnson, 1981; Green & Ford, 1984; Malassine et
al., 1984, 1987; Alsat et al., 1985; Parmley et al., 1985; Bierings,
1989; Yeh et al., 1989; for a review see Alsat et al., 1995).

The vast literature on receptors for hormones and growth
factors has been discussed repeatedly (Adamson 1987; Blay &
Hollenberg, 1989; Ohlsson, 1989; Mitchell et al., 1993; Alsat et al.,
1995) and cannot be reviewed here. For further reading on some par-
ticular subjects we refer the reader to the following publications: insulin
receptor (Nelson et al., 1978; Jones et al., 1993; Desoye et al., 1994,
1997); insulin-like growth factor Il (IGF-I) (Daughaday et al., 1981;
Nissley et al., 1993); interleukin-6 receptor (Nishino et al., 1990);
parathyroid hormone receptor (Lafond et al., 1988); vascular endothe-
lial growth factor (Cheung, 1997); calcitonin receptor (Lafond et al.,
1994); calcitonin gene-related peptide (Lafond et al., 1997); and
colony-stimulating factor and its receptor (CSF-1R: Adamson, 1987;
Aboagye-Mathiesen et al., 1997).

Special attention has been paid to the epidermal growth factor recep-
tor (EGFR) a gene-product of the proto-oncogene c-erbB-1 (Rao et al.,
1984, 1985; Chegini & Rao, 1985; Maruo & Mochizuki, 1987;
Maruo et al., 1987, 1996; Morrish et al., 1987, 1997; Chen et al.,
1988; Yeh et al., 1989; Mihlhauser et al., 1993; Evain-Brion and
Alsat, 1994), and the closely related proto-oncogene product c-erbB-2
(Mihlhauser et al., 1993; Llewis et al., 1996; Aboagye-Mathiesen
et al., 1997):

e Epidermal growth factor receptor is present in the syncytiotrophoblast
as well as in the villous and extravillous cytotrophoblast (Bulmer et
al., 1989; Ladines-Llave et al., 1991; Mihlhauser et al., 1993). Its
ligand, epidermal growth factor (EGF) is detectable in amnionic fluid,
umbilical vessels, and placental tissue (Scott et al., 1989). Maruo et
al. (1996) found evidence that it is expressed by syncytiotrophoblast.
The question of placental production sites is still open. Morrish et al.
(1987) have pointed out that this growth factor induces morphologic
differentiation of trophoblast together with increased production of
human chorionic gonadotropin (hCG) and human placental lactogen
(hPL) in vitro. It obviously has no effect on trophoblast proliferation
(Maruo et al., 1996).

e Structurally related to the EGF receptor is the gene product of the
proto-oncogene c-erbB-2. It represents the only member of the HER
receptor family that neither has a direct and specific ligand nor has
it kinase activity (for review, see Casalini et al., 2004). Rather, it
seems to play a major coordinating role since the other receptors of
the HER family act by heterodimerization with c-erbB-2 upon activa-
tion by their specific ligand. It seems to be important in human
cancer. In some types of malignant tumors, c-erbB-2 protein product
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and EGFR are both overexpressed, and this correlates with a reduc-
tion in patient relapse-free interval and with overall survival (Slamon
et al., 1987; Wright et al., 1989). These data suggest that the two
receptors may contribute to the development and maintenance of the
malignant phenotype. Interestingly, in the human placenta, which
shares some aspects with invasive tumors, this coexpression is present
in villous syncytiotrophoblast, which, however, and contrary to inva-
sive tumor cells, is nonproliferative; on the other hand, in the prolif-
erating cells of the extravillous trophoblast, only EGFR is expressed,
whereas c-erbB2 characterizes the differentiating and no longer
proliferating cells (Mihlhauser et al., 1993).

Syncytiotrophoblastic Cytoskeleton

Ockleford et al. (1981b) have speculated that in addition
to the skeletal structures of the villous stroma there must
be other mechanical factors responsible for the mainte-
nance of the complex shape of the villi. They described a
superficially arranged complex system of intrasyncytial
filaments that largely occupies the superficial layer of the
syncytiotrophoblast. They suggested the term syncytio-
skeletal layer for this zone. Numerous other authors
have contributed to our knowledge of the syncytial
cytoskeleton as well (Vacek, 1969; Scheuner et al., 1980;
Ockleford et al., 1981a,c; King, 1983; Khong et al., 1986;
Beham et al., 1988; Miihlhauser et al., 1995; Berryman et
al., 1995).

The syncytial cytoskeleton is composed of actin, tubulin,
and intermediate filament proteins as cytokeratins and
desmoplakin (Ockleford et al., 1981b; King, 1983; Beham
et al., 1988; Miihlhauser et al., 1995; Berryman et al.,
1995). The microtubules are arranged in a coarse, open
lattice-like network that is oriented parallel to the syncy-
tial surface. They are intermingled with microfilaments
that form an apparently disordered meshwork. Actin fila-
ments interact with ezrin, and microfilaments of this
meshwork pass into the microvilli, where they display a
distinct polarity, with their S1 arrowheads pointing away
from the microvillous tips.

Different from intestinal microvilli, the rootlets of the
microvillous filaments are short and interact with other
filaments of the terminal web almost immediately after
emergence from the microvilli. The overall impression of
this system, reported by King (1983), is that of a poorly
developed terminal web. Beham et al. (1988) and
Miihlhauser et al. (1995) found immunohistochemical
evidence for the presence of cytokeratin and desmopla-
kin in the apical zone. The presence of the latter interme-
diate filament protein is in agreement with the occasional
appearance of desmosomes in this zone. Both intermedi-
ate filaments were also found in the basal zone of the
syncytioplasm (Beham et al., 1988), where King (1983)
also detected actin.

Specialized Regions of the Villous Surface

Dempsey and Zergollern (1969) and Dempsey and Luse
(1971) have subdivided the syncytiotrophoblast into three
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zones: an outer absorptive zone in which organelles
related to vesicular uptake are accumulated as well as
large parts of the cytoskeleton (syncytioskeletal layer;
Ockleford et al., 1981b), a middle secretory zone contain-
ing most organelles, and a basal zone with few organelles.
Structural changes and variations in the thickness of the
middle zone are responsible for regional specializations
that become evident in the second half of pregnancy.

During earlier stages of pregnancy, the syncytiotropho-
blast is a mostly homogeneous layer with evenly
distributed nuclei (Boyd & Hamilton, 1970; Kaufmann &
Stegner, 1972). The distribution of cellular organelles is
homogeneous and does not suggest a marked structural
and functional differentiation inside this layer. From
the 15th week on, this situation gradually changes
(Kaufmann & Stegner, 1972). At term, structural diversi-
fication results in a highly variable pattern of mosaic
areas of different structure and histochemical attributes
(Amstutz, 1960; Fox, 1965; Burgos & Rodriguez, 1966;
Hamilton & Boyd, 1966; Schiebler & Kaufmann, 1969;
Alvarez et al., 1970; Dempsey & Luse, 1971; Kaufmann
& Stark, 1973; Martin & Spicer, 1973b; Kaufmann et al.,
1974b; Jones & Fox, 1977) (Figs. 6.4 to 6.6). This mosaic
pattern, however, lacks sharp demarcations because all
specialized areas are part of one single continuous
syncytium.

Several types of syncytiotrophoblast can be classified
regarding the thickness of the syncytiotrophoblast, the
distribution of its nuclei, the kind and number of its
organelles, and its enzymatic activities. As will be dealt
with later in this chapter, these specialized regions of
syncytiotrophoblast obviously correspond to different
stages of the trophoblastic apoptosis cascade, which starts
with syncytial fusion resulting in thick nucleated syncy-
tiotrophoblast with ample rough endoplasmic reticulum
and ends with extrusion of syncytial knots containing
apoptotic nuclei.

Syncytiotrophoblast with Prevailing Rough
Endoplasmic Reticulum

Syncytiotrophoblast with prevailing rough endoplasmic
reticulum in early stages of pregnancy is the only type of
syncytiotrophoblast. At term, it is still the most common
type. Its thickness varies between about 2 and 10um,
depending on whether it contains nuclei or is devoid of
them. The surface is covered by more or less densely
packed microvilli. In addition to vesicles and all types of
lysosomes, numerous mitochondria, Golgi fields, and
ample rough endoplasmic reticulum characterize the
cytoplasm. After conventional postpartum fixation, the
latter is vesicular (Figs. 6.2 and 6.3) (Boyd et al., 1968a).
With optimal fixation, as from aspiration biopsy during
cesarean section from a placenta in situ that is still being
maternally perfused (Schweikhart & Kaufmann, 1977),
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FiGure 6.4. A: Simplified drawing of a cross section of a termi-
nal villus demonstrating the structural variability of its syncy-
tiotrophoblastic cover. B: Semithin section demonstrating the
histochemical activity of 17B-hydroxysteroid dehydrogenase
(black). As a prominent indicator of syncytiotrophoblastic spe-

the rough endoplasmic reticulum is composed of slender
cisternae oriented in parallel (Fig. 6.7A). The degree of
dilatation depends on the delay of fixation (Kaufmann,
1985).

Several publications have presented structural aspects of this type of
syncytiotrophoblast (Boyd et al., 1968a; Dempsey & Zergollern, 1969;
Schiebler & Kaufmann, 1969; Dempsey & Luse, 1971; Martin & Spicer,
1973a; Ockleford, 1976). The functional interpretation is based on
enzyme histochemical data. Most enzymes found, are related to energy
metabolism (Fig. 6.5). In addition, relevant activities of glutamate dehy-
drogenase, a-glycerol-phosphate dehydrogenase, nonspecific esterase,
acid phosphatase, alkaline phosphatase, nicotinamide adenine dinu-
cleotide phosphate diaphorase, and proteases were found (Wielenga
& Willinghagen, 1962; Wachstein et al., 1963; Velardo & Rosa,
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cialization, this enzyme has maximum activity in and around a
syncytial lamella (arrowhead) covering villous cytotrophoblast
(ct). Note the close relationship between cytotrophoblast, 17-
steroid dehydrogenase-positive trophoblast and fetal capillary
(c). x800. (Source: Kaufmann et al., 1974b, with permission.)

1963; Lister, 1967; Hoffman & Di Pietro, 1972; Hulstaert et al., 1973;
Kaufmann et al., 1974b; Gossrau et al., 1987; Matsubara et al.,
1997). The immunohistochemical proof of 11b-hydroxysteroid dehydro-
genase was interpreted as an enzymatic barrier, preventing maternal
glucocorticoids from passing into the fetal circulation where they might
have adverse effects (Yang, 1997). In addition, superoxide dismutase
and xanthine oxidase were detected in the syncytiotrophoblast and
were thought to be involved in degrading superoxide, thus playing a
role in the maintenance of uterine quiescence (Myatt et al., 1997; Telfer
et al., 1997; Watson et al., 1997). These studies make it likely that
this type of syncytium is involved in more complex active maternofetal
transfer mechanisms, including catabolism and resynthesis of proteins
and lipids.

Immunocytochemical studies have provided evidence that synthesis
of proteo- and peptide hormones takes place here. These
include:
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FIGURE 6.5. Semithin section with histochemical demonstration
of lactate dehydrogenase. The enzyme activity is bound to the
vicinity of syncytial nuclei, whereas syncytium devoid of nuclei
does not exhibit enzyme activity. x420. (Source: Schiebler &
Kaufmann, 1981, with permission.)

® human chorionic gonadotropin (hCG) (Dreskin et al., 1970;
Hamanaka et al., 1971; Genbacev et al., 1972; Kurman et al.,
1984; Beck et al., 1986; Frauli & Ludwig, 1987c; Morrish et al.,
1987; Sakakibara et al., 1987; Hay, 1988);

® human chorionic somatotropin (hCS) or hPL (Kim et al., 1971; De
lkonicoff & Cedard, 1973; Dujardin et al., 1977; Kurman et al.,
1984; Beck et al., 1986; Fujimoto et al., 1986; Morrish et al., 1988;
Jacquemin et al., 1996);

e other human growth hormones (hGHs) such as hGH-V and hGH-N
(Liebhaber et al., 1989; Alsat et al., 1997), human prolactin (hPRL)
(Bryant-Greenwood et al., 1987; Sakbun et al., 1987; Unnikumar
et al., 1988);

e oxytocin (Unnikumar et al., 1988);

e leptin (Masuzaki et al., 1997; Senaris et al., 1997; Castellucci et
al., 2000aq);

e erythropoietin (Conrad et al., 1996);

e corticotropin-releasing hormone (CRH) (Warren and Silverman,
1995);

e parathyroid hormone-related protein (PTHrP) (Dunne et al., 1994;
Emly et al., 1994);
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FIGURE 6.6. Transmission electron microscopic section of a ter-
minal villus. Note that the structural specialization of the syn-
cytiotrophoblast depends on its spatial relation to the fetal
capillaries (C). In nearly all places where the capillaries bulge
against the villous surface, the syncytiotrophoblast is attenuated
to thin lamellae (vasculosyncytial membranes) devoid of nuclei.
The nuclei accumulate between the lamellae and form syncytial
knots. x1350. (Source: Castellucci & Kaufmann, 1982a, with
permission.)

* b-endorphin and blipotropin (Laatikainen et al., 1987);
* pregnancy-specific glycoprotein (Zhou et al., 1997); and
® various placental proteins such as SP1 (Gosseye & Fox, 1984; Beck

et al., 1984).

Syncytiotrophoblast with Prevailing Smooth
Endoplasmic Reticulum

Syncytiotrophoblast with prevailing smooth endoplasmic
reticulum are small spot-like areas, dispersed in the syn-
cytiotrophoblast equipped with rough endoplasmic
reticulum (Figs. 6.4A, 6.7, and 6.8), and showing gradual
transitions to the latter. They are usually equipped with
mitochondria of the tubular type. The structural similarity
to endocrine cells active in steroid metabolism (Gillim et
al., 1969; Crisp et al., 1970) is striking. Focally increased
activities of 3b-hydroxysteroid dehydrogenase and



FIGURE 6.7. A: Transmission electron micrograph of syncytio-
trophoblast with well-developed rough endoplasmic reticulum,
probably active in protein metabolism. IVS, intervillous space;
S, syncytiotrophoblast; CT, cytotrophoblast; E, fetal endothe-

FIGURE 6.8. A: Transmission electron micrograph of a thin
syncytiotrophoblastic lamella covering villous cytotrophoblast
(CT). The syncytiotrophoblast of this type is well equipped with
dense bodies and vesicles. As can be deduced from its enzymatic
activity, such areas are probably involved in endocrine activity.
%x22,000. B: Transmission electron micrograph of a thin syncy-

lium. x14,000. (Source: Schiebler & Kaufmann, 1981, with per-
mission.) B: Electron micrograph of syncytiotrophoblast with
well-developed smooth endoplasmic reticulum. Such areas are
probably involved in steroid metabolism. x14,800.

tiotrophoblastic lamella covering cytotrophoblast (CT). This
lamella is devoid of microvilli and dense bodies. Its cytoplasm
is characterized only by vesicles. Following enzyme histochemi-
cal reactions (see Fig. 6.4B), it exhibits high activities of 173-
hydroxysteroid dehydrogenase and thus participates in steroid
metabolism. x14,500.
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17B-hydroxysteroid dehydrogenase in just these areas
(Fig. 6.4B) underline the assumption that these are ste-
roidally active areas (Kaufmann & Stark,1973; Kaufmann
et al., 1974b).

Vasculosyncytial Membranes

Vasculosyncytial membranes or epithelial plates (Figs.
6.4A, 6.6, and 6.9) were first identified by Bremer (1916)
and later defined in more detail by Amstutz (1960). They
are thin syncytiotrophoblastic lamellae, measuring 0.5 to
about 1um in thickness; free of nuclei and poor in organ-
elles, they are directly apposed to sinusoidally enlarged
parts of the fetal capillaries (Schiebler & Kaufmann,
1969; Fox & Blanco, 1974). One can conclude from the
structural features that the expanding fetal sinusoids
bulge against the villous surface and completely displace
the syncytial nuclei as well as most of the syncytial organ-
elles. Capillary basement membrane and trophoblastic
basement membrane may come into such close contact
that they fuse (Figs. 6.1 and 6.9A). In agreement with the
view, that pressure by the sinusoids displaces the syncytial
nuclei, accumulations of nuclei and organelles may be
observed directly lateral to the vasculosyncytial mem-

FIGURE 6.9. A:Transmission electron micrograph of a vasculo-
syncytial membrane. Note the extremely thin syncytial lamella
that extends over the fetal capillary (C), the former being char-
acterized by only a few organelles and a reduced number of
microvilli. x4800. B: Scanning electron micrograph of a vascu-
losyncytial membrane comparable to that depicted in part A. It
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branes; they are called syncytial knots (Figs. 6.4A, 6.6, and
6.10A).

Function: Some further findings are helpful for the functional interpreta-
tion. The density of microvilli at the surface of the vasculosyncytial
membranes is sometimes considerably reduced (Fig. 6.9) (Leibl et al.,
1975; however, compare King & Menton, 1975). There is some evi-
dence that some growth factors particularly involved in angiogenic
processes, such as placental growth factor (PIGF) (Khaliq et al., 1996)
and hepatocyte growth factor (HGF) (Kilby et al., 1996), are particu-
larly expressed in and around vasculosyncytial membranes. High activi-
ties of hexokinase and glucose-6-phosphatase were found histochemically,
whereas enzymes of the energy metabolism are largely inactive (Fig.
6.5). With respect fo structure and enzymatic equipment, we conclude
that these areas are especially involved in diffusional transfer of gases
and water as well as in the facilitated transfer of glucose.

Slightly thicker vasculosyncytial membranes are equipped with more
organelles. In addition, they show hydrolytic enzymes such as alkaline
phosphatase (Kameya et al., 1973), 5-nucleotidase, and adenosine
triphosphatase (ATPase) (Schiebler & Kaufmann, 1981). These sites are
presumably concerned with active transfer (e.g., amino acids, electro-
lytes) rather than serving merely passive transfer processes.

When one is studying optimally fixed terminal villi of the term pla-
centa, the vasculosyncytial membranes amount to 25% to 40% of the
villous surface (Sen et al., 1979), depending on the maturational status
of the villi. After delayed fixation this value may be considerably smaller
because of fetal vascular collapse and trophoblastic shrinkage (see
Chapter 28, Tables 28.6 and 28.9) (Voigt et al., 1978).

is viewed here from the intervillous space (black) at the villous
surface. The protrusion of the villous surface caused by the
underlying capillary is clearly visible. It is largely devoid of
microvilli. x3300. (Source: Schiebler & Kaufmann, 1981, with
permission.)
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C

FiGURE 6.10. A:Transmission electron micrograph of a syncytial
knot characterized by clustered nuclei that are rich in con-
densed chromatin, suggesting an apoptotic character. x5000.
(Source: Cantle et al., 1987, with permission.) B: Electron micro-
graph of a sprout-like structure that shows obvious signs of
degeneration. The nuclei exhibiting condensed chromatin point
to an earlier stage of apoptosis, whereas dissolution of plasma-
lemma and cytoplasm suggest necrotic events. This combination
of two contrasting kinds of cellular death (secondary necrosis)
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can often be found in syncytiotrophoblast. x5100. C: Transmis-
sion electron micrograph of a syncytial sprout from a mature
placenta that, because of its appearance, is likely to represent a
tangential section of the villous surface (see Chapter 15, Figs.
15.1 to 15.5). Most knots and sprouts observed in the mature
placenta belong to this type of sectional artifact and should
be called syncytial knotting or Tenney-Parker-changes. x4600.
(Source: Schiebler & Kaufmann, 1981, with permission.)
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Syncytial Lamellae Covering Langhans’ Cells

The syncytial lamellae covering Langhans’ cells are com-
parable to the vasculosyncytial membranes in structure
and thickness. In most cases, they are direct continuations
of the vasculosyncytial membranes, as the thin syncytial
lamellae of the latter extend from the bulging capillaries
to the neighboring bulging Langhans’ cells (Figs. 6.4 and
6.8). They are normally characterized by increased
numbers of dense bodies (lysosomes? secretory gran-
ules?) found in both the syncytiotrophoblast and the
underlying cytotrophoblast. Histochemically, they often
show an intense reaction for 17B-hydroxysteroid dehy-
drogenase (Fig. 6.4B) (Kaufmann & Stark, 1973;
Kaufmann et al., 1974b).

Function: These zones start developing at about the 15th week post-
menstruation (p.m.), in parallel to the development of vasculosyncytial
membranes and fetal sinusoids. It may be helpful for the functional
interpretation that from the same date onward also the maternal plasma
concentrations of 17p-hydroxysteroid dehydrogenase and the maternal
urinary estriol excretion increase (see Kaufmann & Stark, 1973).

Syncytial Knots, Sprouts, and Bridges

Syncytial knots, sprouts, and bridges are a very heteroge-
neous group of syncytiotrophoblastic specializations, all
of which have remarkable accumulations of nuclei in
common (Hamilton & Boyd, 1966; Boyd & Hamilton,
1970) (see Chapter 15). Since their number increases in
many pathologic placentas, they have raised much inter-
est and caused much speculation. The interpretation com-
prises local hyperplasia of the syncytium (Baker et al.,
1944); the results of trophoblastic degeneration (Tenney
& Parker, 1940; Merrill, 1963); structural expression of
placental insufficiency (Becker & Bleyl, 1961; Kubli &
Budliger, 1963; Werner & Bender, 1977); structural
expression of ischemia, hypoxia, or hypertension (Wilkin,
1965; Tominaga & Page, 1966; Alvarez, 1970; Alvarez
et al., 1972; Gerl et al., 1973); and the results of fetal
malperfusion of placental villi (Fox, 1965; Myers &
Fujikura, 1968).

Studies by Kiistermann (1981), Burton (1986a,b),
Cantle et al. (1987), and Kaufmann et al. (1987a) have
provided evidence that

¢ the vast majority of these structures are in fact results
of tangential sectioning of the villous surfaces (—
syncytial knots, syncytial buds, and most syncytial
bridges).

e There is, however, a limited amount of true syncytio-
trophoblastic outgrowth, representing the first steps of
villous sprouting (— syncytial sprouts).

e Other true aggregations of syncytial nuclei represent
sites of extrusion of aged, dying nuclei (— apoptotic
knots).
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Syncytial knots are characterized by a multilayered
group of aggregated nuclei that bulge only slightly on the
trophoblastic surface. If they exhibit the same structural
and histochemical features as the surrounding syncytio-
trophoblast, they are likely to be only representations of
tangential sections (syncytial knotting, Tenney-Parker
changes; see Chapter 15). The vast majority of nuclear
aggregates within the placenta are such syncytial knots.

Boyd and Hamilton (1970) have described islands of
multinuclear syncytiotrophoblast located in the villous
stroma and referred to them as syncytial buds or “stromal
trophoblastic buds.” It is very likely that these also are
tangential sections of indenting villous surfaces or places
of villous branching (Kiistermann, 1981). Therefore, the
old question whether these trophoblastic elements may
“invade” fetal vessels (Salvaggio et al., 1960; Boyd &
Hamilton, 1970) is no longer relevant.

There has been intense discussion concerning syncytial
bridges, which began with their first description by
Langhans (1870) and continued with reports by Stieve
(1936, 1941), Ortmann (1941), Peter (1943, 1951),
Hormann (1953), Schiebler and Kaufmann (1969), Boyd
and Hamilton (1970), Kaufmann and Stegner (1972), and
Jones and Fox (1977). Most are sectional artifacts that
must be interpreted as the results of tangential sectioning
of villous branchings (see Chapter 15, Figs. 15.1 to 15.6)
(Kiistermann, 1981; Burton, 1986a; Cantle et al., 1987).
Placentas with tortuously malformed villi, such as those
in maternal anemia or severe preeclampsia, may exhibit
so many bridges in histologic sections that a net-like
appearance is achieved (see Figs. 15.15 and 15.16). In light
of these findings, one may argue that reports on villi,
arranged as a three-dimensional network (Stieve, 1941;
Schiebler & Kaufmann, 1981) have been three-
dimensional misinterpretations of tangential sections of
tortuous villi. The famous diagram of the human placenta
with villi in a net-like arrangement by Stieve (1941) was
refuted by Peter (1951), based on reconstructions of wax
plates.

Only the studies of Burton (1986a,b, 1987) and Cantle
et al. (1987) made clear that there are real bridges in
addition to those of artifactual genesis (Fig. 6.11).
Hormann (1953), Kaufmann and Stegner (1972), Jones
and Fox (1977), and Cantle et al. (1987) presented evi-
dence that real bridges are the result of fusion of adjacent
villous surfaces that occur as soon as these come into
prolonged intimate contact. Intermediate stages can be
found as soon as slender intercellular gaps are formed
between neighboring villous surfaces and become bridged
by desmosomes. Later, the separating membranes disin-
tegrate, causing the formation of a real syncytial bridge.
Using radioangiographic and morphologic methods, vas-
cularization of such bridges has been observed resulting
in fetal intervillous vascular connections (Peter, 1951;
Lemtis, 1955; Boyd & Hamilton, 1970). Unlike Stieve
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FiGURE 6.11. A:Transmission electron micrograph of a syncytial
bridge connecting two neighboring villi. x1500. (Source: Cantle
et al., 1987, with permission.) B: Scanning electron micrograph
of a syncytial bridge similar to that depicted in Figure 6.11A
demonstrates that not all bridges seen in sections are artifacts

(1941), who postulated a net-like fetal vascular system
that connects all villi, the authors cited provided evidence
that such connections are rare exceptions. Whether the
syncytial bridges have any mechanically supporting
effects on the villous tree or are accidental structures
without significance is a matter of speculation.

Apoptotic knots are structurally similar, but are char-
acterized by more densely packed nuclei, separated from
each other by slender strands of cytoplasm that is devoid
of most organelles. The small nuclei show a more or less
condensed chromatin (Fig. 6.10A) (Martin & Spicer,
1973b; Jones & Fox, 1977; Schiebler & Kaufmann, 1981)
and sometimes even evidence of apoptotic or aponecrotic
nuclear changes (Huppertz et al., 1998,2002) (see follow-
ing discussion on Trophoblast Differentiation and
Apoptosis Cascade). The surrounding cytoplasm usually
exhibits degenerative changes.

Martin and Spicer (1973b) as well as Dorgan and
Schultz (1971) demonstrated that the life span of syncy-
tiotrophoblast is limited (see Quantitation of Trophoblast
Turnover, below, for calculations of syncytial life span).
Thus, the presence of local degenerative changes caused
by normal aging must be expected. Based on such views,
Martin and Spicer (1973b), Jones and Fox (1977),
Schiebler and Kaufmann (1981), and Cantle et al. (1987)
described syncytial nuclear accumulations as sites where
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and caused by tangential sectioning. Such real bridges are prob-
ably caused by local contacts of neighboring villous surfaces
with subsequent syncytial fusion. x890. (Source: Cantle et al.,
1987, with permission.)

aged syncytial nuclei are accumulated and later pinched
off together with some surrounding cytoplasm (Fig. 6.10;
se also Fig. 6.18). Huppertz et al. (1998) provided evi-
dence that the nuclei of such sprouts represent various
stages of apoptosis, thus suggesting that trophoblastic
“sprouting” in fact is the syncytiotrophoblastic correlate
of the formation of apoptotic bodies. We suggest the term
apoptotic knotting (see Trophoblast Differentiation and
Apoptosis Cascade).

Iklé (1961, 1964), Wagner et al. (1964), and Wagner
(1968) found such segregated parts of the syncytiotro-
phoblast in the maternal uterine venous blood. Accord-
ing to Iklé’s calculations in pregnancy weeks 6 and 20,
about 150,000 such sprouts per day were shed into the
maternal circulation. Syncytiotrophoblast fragments are
nearly exclusively found in uterine venous blood, rather
than in other peripheral veins (Wagner et al., 1964). This
finding suggests that most of these deported sprouts are
eliminated by phagocytosis in the lung; however, to our
best knowledge this process has not yet been analyzed in
detail. Excess shedding leading to pulmonary embolism
has been reported by Schmorl (1893), Marcuse (1954),
and Atwood and Park (1961).

Larger, mushroom-like aggregates of syncytial nuclei
are historically called syncytial sprouts (Figs. 6.10B and
6.12) (Langhans, 1870; Boyd & Hamilton, 1970). In the
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past, this term has been applied for all mushroom-like or
drumstick-shaped multinucleated syncytial protrusions.
Meanwhile the term should no longer cover those struc-
tures, which are merely sectional artifacts caused by flat-
sectioning of villous surfaces (Kiistermann, 1981; Burton,
1986a; Cantle et al., 1987) (see the discussion of syncytial
knots earlier in this section). Rather it should be restricted
to those protrusions that represent true expressions of
villous sprouting. They can be identified by large, ovoid,
loosely arranged nuclei that possess little heterochroma-
tin and never show signs of apoptosis. The nuclei are
surrounded by ample free ribosomes and well-developed
rough endoplasmic reticulum. During early pregnancy
(Fig. 6.1; see Chapter 7, Fig. 7.12), true syncytial sprouts
are regular findings. In term placentas, they are found
only in small groups on the surfaces of immature inter-
mediate and mesenchymal villi in the centers of the
villous trees.

FIGURE 6.12. A: Scanning electron micrograph from the 8th
week postmenstruation (p.m.) of gestation, showing local accu-
mulations of mushroom-like true syncytial sprouts arising from
broad villous protrusions. The latter probably represent the
initial steps of the formation of new villi; they are common
features in the early placenta but are rare at term. x180. (Source:
Cantle et al., 1987, with permission.) B: Semithin section from
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From studies of villous development (Castellucci et al.,
1990c, 2000b) it has become evident that sprouts of this
type are really an expression of villous sprouting. Their
concentration in the centers of the villous trees is in
agreement with Schuhmann’s (1981) view that the centers
are growth zones for the villous trees.

In conclusion, when observing accumulations of syncy-
tial nuclei in sections of placental villi, three different
types of genesis should be considered:

1. In all stages of pregnancy, and in particular in the
third trimester placenta, nearly all syncytial bridges and
buds as well as many knot-like and sprout-like structures
are results of flat sectioning across syncytiotrophoblastic
surfaces. We suggest the term syncytial knotting or
Tenney-Parker changes (see Three-Dimensional Inter-
pretation of Two-Dimensional Sections in Chapter 15).

the 9th week of gestation, showing two true syncytial sprouts,
comparable to those depicted in part A. Note the unevenly dis-
persed nuclei and compare with the aggregated and pyknotic
nuclei of the apoptotic knots and Tenney-Parker changes
depicted in Fig. 6.10. x870. (Source: Cantle et al., 1987, with
permission.)
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2. In all stages of pregnancy, a minority of knot-like
and sprout-like structures characterized by nuclei with
highly condensed chromatin, partly showing typical apop-
totic annular chromatin condensation, are sites of shed-
ding of apoptotic nuclei into the maternal circulation. The
term apoptotic knotting is recommended (see Tropho-
blastic Apoptosis, below, and Chapter 15).

3. Throughout the first half of pregnancy, a limited
number of syncytial sprouts are early stages of real
trophoblastic sprouting; these are characterized by
loosely arranged, large ovoid syncytial nuclei. In later
pregnancy they are extremely rare. Only for these struc-
tures do we suggest the term syncytial sprouting (cf.
Development of Mesenchymal Villi in Chapter 7; see also
Chapter 15).

Transtrophoblastic Channels

The syncytiotrophoblast is thought to be an uninter-
rupted maternofetal barrier composed of two plasmalem-
mas with an intermediate layer of syncytial cytoplasm.
Therefore, every substance passing the syncytiotropho-
blast from the maternal to the fetal circulation was
thought to do so under the control of this syncytiotropho-
blast layer. The existence of pericellular pathways is
still unacceptable to many placentologists. Exchange of
respective data during a 1986 workshop on transtropho-
blastic channels, held at the second meeting of the
European Placenta Group in Rolduc/Aachen, caused
considerable controversy lasting until today.

Transport experiments by Stulc et al. (1969) provided
the first evidence for the existence of water-filled routes,
so-called pores or channels, across the rabbit placenta.
Their radius was calculated to be approximately 10nm.
This finding has been confirmed for the guinea pig pla-
centa by Thornburg and Faber (1977) and by Hedley and
Bradbury (1980).

However, it took several years to find the structural
correlates. Application of lanthanum hydroxide as an
extracellular tracer via the maternal or fetal circulation
resulted in the demonstration of membrane-lined chan-
nels in the isolated guinea pig placenta (Kaufmann et al.,
1987b,1989), in the postpartally perfused human placenta
(Kertschanska & Kaufmann, 1992; Kertschanska et al.,
1994, 1997), and in the rat placenta (Kertschanska et al.,
2000). These channels have a luminal diameter from 15
to 25nm and extend as winding, branching structures
from the apical or basal surface into the syncytiotropho-
blast. Because of their winding structure, they have never
been traced in full length across the trophoblast. The
release of the tracer into the maternal circulation, when
applied via the fetal circulation and vice versa, makes it
likely that at least some of these channels pass the syn-
cytiotrophoblast in full length.
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Function: The functional meaning of the transtrophoblastic channels
has been elucidated by further experiments. In the fully isolated, artifi-
cially perfused guinea pig placenta, hydrostatic and colloid osmotic
forces cause fetomaternal fluid shifts (Schréder et al., 1982). Fetal
venous pressure elevation of 5 to 17mmHg was enough to shift 30%
to 50% of the arterial perfusion volumes into the maternal circulation.
We detected, ultrastructurally, initially slender and later bag-like dilated
channels that passed the syncytiotrophoblast in full length, as routes for
the fluid shift (Kaufmann et al., 1982). As soon as the fetal venous
pressure was reduced fo normal values, the fluid shift ceased and the
bag-like channels disappeared. These experiments have been success-
fully repeated in the isolated human placental lobule (Kertschanska &
Kaufmann 1992; Kertschanska et al., 1997). The reversibility of the
events refuted the possibility that the channels were of traumatic origin.
The only possible explanation is the existence of channels that can be
dilated under condition of pressure increase. It is likely that the channels
traced with lanthanum hydroxide are identical to those dilated experi-
mentally under the conditions of fluid shift and those postulated in
transfer experiments by the physiologists mentioned (for review, see
Stule, 1989). Similar basal invaginations or intrasyncytial vacuoles such
as those found under the experimental conditions of fluid shift are
sometimes observed in freshly delivered human placentas. It is still open
to question if this phenomenon is an expression of active fetomaternal
fluid shift during labor.

Functionally, the transtrophoblastic channels are possible sites of
transfer for water-soluble, lipid-insoluble molecules with an effective
molecular diameter of about 1.5nm (Thornburg & Faber, 1977; Stulc,
1989). Under the conditions of fetomaternal fluid shift caused by fetal
venous pressure increase or fetal decrease of osmotic pressure, they
may dilate to such an extent that all molecules, independent of size and
solubility, may pass (Kaufmann et al., 1982; Schréder et al., 1982;
Kertschanska & Kaufmann, 1992; Kertschanska et al., 1994, 1997).

Another functional aspect may be important. The embryo and fetus
have problems of eliminating surplus water. Simple renal filtration with
subsequent urination does not necessarily solve this problem, as the
urine is delivered into the amnionic fluid and is still inside the fetopla-
cental unit. On the other hand, excessive fetal hydration causes an
increase of fetal venous pressure and a decrease of fetal osmotic pres-
sure. Both factors have been experimentally proved to dilate channels,
allowing fetomaternal fluid shift and equilibration of the surplus water.
Thus, pressure-dependent dilatation and closure of the channels may
act as an important factor in fetal osmoregulation and water balance.

TROPHOBLASTIC BLEBBING

When studying the syncytiotrophoblastic surface of human placental
villi by electron microscopy, many authors have reported the existence
of fungiform, membrane-lined protrusions of the apical syncytioplasm.
These are largely or completely devoid of organelles. Their diameter
normally ranges from 2um to about 15um (lkawa, 1959; Hashimoto
etal., 1960a,b; Arnold et al., 1961; Geller, 1962; Rhodin & Terzakis,
1962; Lister, 1964; Nagy et al., 1965; Strauss et al., 1965; Herbst
etal., 1968, 1969; Knoth, 1968; Kaufmann, 1969). Numerous studies
have shown that these protrusions are not a specific feature of syncy-
tiotrophoblast but, rather, common features of most epithelia and some-
times of other cellular types (for review, see Kaufmann, 1975a). They
are produced under degenerative conditions (Kaufmann, 1969; Stark
& Kaufmann, 1971, 1972) and are likely to correspond to “blebs”
observed during apoptotic processes (for review, see Kerr et al., 1995).
Blockage of glycolysis by several enzyme inhibitors results in increased
development of blebs; experimental substitution of glycolysis below the
point of blockage results in suppression of their formation (Kaufmann
et al., 1974a; Thorn et al., 1974). Hypoxia or experimental blockage
of oxidative phosphorylation does not induce their production (Thorn

et al., 1976).
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After the protrusions have reached a certain size, they are pinched
off into the maternal circulation. The only pathologic importance attrib-
uted to the blebs is related to placental infarction. Pronounced produc-
tion of plasma protrusions in the guinea pig placenta was induced by
experimental blockage of glycolysis, which led to obstruction of the
maternal placental blood spaces by massive blebbing (Kaufmann,
1975b). The disintegration of the blebs induced blood clotting. The
result was experimental infarction. Similar events have been described
for the human placenta (Stark & Kaufmann, 1974). Assuming that this
experimentally induced trophoblastic blebbing also is related to apop-
totic events. The underlying molecular mechanism of blood clotting may
be a phosphatidylserine flip in the respective plasmalemma from the
inner to the outer leaflet. Externalization of phosphatidylserine was
shown to be an early apoptotic event that initiates the coagulation
cascade (see Molecular Mechanisms of Syncytial Fusion, below).

Villous Cytotrophoblast
(Langhans’ Cells)

The villous cytotrophoblast forms a second trophoblastic
layer beneath the syncytiotrophoblast. During early preg-
nancy, this layer is nearly complete (Fig. 6.13) and later
becomes discontinuous (see Figs. 6.10A and 6.23A and

FiGure 6.13. Semithin section showing two opposing villous
surfaces, from the 9th gestational week p.m. Underneath the
thick syncytiotrophoblast (S) are nearly complete layers of
cytotrophoblast. Its varying staining intensities indicate differ-
ent stages of differentiation from undifferentiated, proliferating
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Chapter 28, Table 28.3). In contrast to earlier reports that
described the villous cytotrophoblast to be absent from
the mature placenta (Hormann, 1948; Clavero-Nunez &
Botella-Llusia, 1961), it is now well established that the
Langhans’ cells persist until term. In the mature placenta,
they can be found beneath 20% of the villous syncytiotro-
phoblast (see Chapter 7,Fig.7.11);the exact figure depends
on the villous type, the kind of tissue preservation, and the
pathologic state of the organ (see Table 28.6).

One should not deduce from these figures that the
number of Langhans’ cells is decreasing toward term.
When one multiplies the relative numbers (percentages)
of Langhans’ cells per volume of villous tissue (Table
28.6) with the villous weights (g) per placenta (Table
28.2) during the 12th week p.m. and compares them to
the term placenta, one arrives at surprising results. The
total amount of Langhans’ cells in the 12th week p.m. is
about 2 g, as opposed to 12 g at term. In addition, stereo-
logic studies have shown that the absolute number of
cells increases steadily until term (Simpson et al., 1992).
The real situation is that as the villous surface rapidly
expands, the cytotrophoblast cells become widely

cytotrophoblast (arrow) to highly differentiated cytotropho-
blast with signs of syncytial fusion (interrupted arrows).
Some of the cytotrophoblastic cells are obviously degenerat-
ing (double arrow). x1270. (Source: Kaufmann, 1972, with
permission.)
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separated and thus less numerous in sectioned material.
This change has important consequences for maternofe-
tal immunoglobulin transfer, because unlike the syncytio-
trophoblast and endothelial cells, cytotrophoblast cells do
not express Fc-y receptors (Bright & Ockleford, 1993).
Transport of immunoglobulins, therefore, may become
possible only in later pregnancy when the cytotropho-
blastic layer becomes incomplete.

Earlier authors (Spanner, 1941; Stieve, 1941) considered a syncytio-
trophoblastic origin of the Langhans’ cells. Ortmann refuted this as early
as 1942. He pointed out that formation of a syncytium must be regarded
as differentiation from cellular precursors, and as an irreversible
process. Richart (1961) presented the first proof for this assumption
using *H-thymidine incorporation to demonstrate the absence of DNA
synthesis from syncytiotrophoblastic nuclei while it was, however,
present in cytotrophoblastic nuclei. Galton (1962), who simultaneously
carried out microspectrophotometric DNA measurements of trophoblas-
tic nuclei, supported these data. The cytotrophoblastic contribution to
the formation of syncytiotrophoblast has been generally accepted since
the detailed ultrastructural evaluation of human placental villi from early
pregnancy until full term also structurally demonstrated this process
(Boyd & Hamilton, 1966). Hérmann et al. (1969) reviewed the vast
literature of subsequent studies in much detail; the early autoradio-
graphic findings were supported and extended by many authors (Pierce
& Midgley, 1963; Fox, 1970; Weinberg etal., 1970; Kim & Benirschke,
1971; Geier et al., 1975; Kaufmann et al., 1983). The authors found
that *H-thymidine is incorporated only into the cytotrophoblastic nuclei,
never into those of syncytiotrophoblast (see Fig. 6.20A). This fact
excludes nuclear replication within the syncytiotrophoblast. Moe (1971),
who described mitoses of syncytiotrophoblastic nuclei following in vitro

FiGure 6.14. Transmission electron micrograph of mature pla-
centa shows an undifferentiated cytotrophoblastic cell (CT) ly-
ing underneath a thin syncytiotrophoblastic lamella (S). During
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application of colchicine, has published the only conflicting results.
Because no one ever has reproduced these results, they must be
regarded as misinterpretation.

Cytotrophoblast Cell Types

During all stages of pregnancy, most of the Langhans’
cells possess light microscopic and ultrastructural fea-
tures that clearly distinguish them from overlying
syncytiotrophoblast, the characteristic features of undif-
ferentiated, proliferating stem cells (Fig. 6.14). Studies on
cyclin D3-expression (DeLoia et al., 1997) suggest that
about 50% of these cells are in the cell cycle. Occasional
mitoses, *H-thymidine incorporation, and Ki-67/MIB-1
positivity demonstrate that these are proliferating stem
cells (Tedde & Tedde-Piras, 1978; Arnholdt et al., 1991;
Kohnen et al., 1993; Kosanke et al., 1998). Another about
40% of cells displays the same undifferentiated pheno-
type but is immunonegative for cyclin D3. This subset
very likely represents Gy-cells.

The cells display an ultrastructurally undifferentiated
phenotype with a large euchromatic nucleus and few cell
organelles (Kaufmann, 1972; Martin and Spicer, 1973b)
(Fig. 6.13). The cytoplasm contains a well-developed
Golgi field, few mitochondria, few dilated rough endo-
plasmic cisternae, and numerous polyribosomes (Figs.
6.14 and 6.15A) (Schiebler & Kaufmann, 1969; Kaufmann,
1972; Martin & Spicer, 1973b). Histochemically, enzymes

all stages of pregnancy, most of the villous cytotrophoblast
belongs to this type of proliferating or resting stem cell. x9800.
(Source: Schiebler & Kaufmann, 1981, with permission.)
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FIGURE 6.15. A: Transmission electron micrograph of mature
placenta shows highly differentiated Langhans’ cell (CT),
shortly before its syncytial fusion with the neighboring syncy-
tiotrophoblast (S). Note the ultrastructural similarity of the two.
x7400. B: Even after syncytial fusion with complete disappear-
ance of the separating cell membranes, the area of the original

of the aerobic and anaerobic glycolysis revealed only
low activities (see Fig. 6.22) (Kaufmann & Stark, 1972;
Kaufmann et al., 1974b).

A few Langhans’ cells show higher degrees of differ-
entiation, expressed by large amounts of free ribosomes,
rough endoplasmic reticulum, and mitochondria (Fig.
6.15A). This finding has usually been interpreted as signs
of differentiation toward a later syncytial state (Boyd
& Hamilton, 1966; Hormann et al., 1969; Schiebler &
Kaufmann, 1969; Kaufmann, 1972). By light microscopy,
these cells may show staining patterns similar to those
of syncytiotrophoblast (Fig. 6.13). The enzymes of the
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cytotrophoblast (CT) can be clearly distinguished from the
overlying syncytium (S) because of the marked difference in
density of cell organelles. Note the accumulation of mitochon-
dria and endoplasmic reticulum transferred into the syncytium
by this kind of organellar transplantation into the syncytium.
x14,700.

aerobic and anaerobic glycolysis (see Fig. 6.22A) express
increasing activities.

As soon as the cytotrophoblast reaches an electron
density that is comparable to that of the neighboring syn-
cytium, the first signs of syncytial fusion may be observed
(Boyd & Hamilton, 1966; Hormann et al., 1969; Kemnitz,
1970; Kaufmann, 1972; Kaufmann et al., 1977a). Only in
severely damaged areas of the villous trees are Langhans’
cells observed with an organellar density exceeding that
of the overlying syncytiotrophoblast (Figs. 6.16 and 6.17)
(Kaufmann et al., 1977a). Syncytial fusion begins with the
disintegration of separating cell membranes (Fig. 6.18).
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FIGURE 6.16. Transmission electron micrograph of mature pla-
centa shows that the highly differentiated cytotrophoblast (CT)
sometimes fails to fuse with the neighboring syncytiotropho-
blast (S). Because it lacks regeneration, the latter shows obvious
signs of degeneration, such as vesicular hydrops of most organ-

FiGure 6.17. Survey transmission electron micrograph showing
a villus in preeclampsia. If the cytotrophoblast (CT) fails defi-
nitely to fuse syncytially, the syncytiotrophoblast (S) degenerates,
as demonstrated in Figure 6.16. As a final stage, the syncytiotro-

6. Basic Structure of the Villous Trees

elles, absence of ribosomes, and disintegration of the plasma-
lemma. Because of continuous differentiation, the nonfusing
cytotrophoblast has an unusually large accumulation of organ-
elles. Similar pictures can be seen in extravillous cytotropho-
blast, which also lacks syncytial fusion. x16,800.

phoblast may locally disappear so that hypertrophic cellular
trophoblast makes up the villous surface and directly borders
the intervillous space (above). In this case, the villous stroma
(below) also exhibits severe degenerative changes. x2800.
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Ficure 6.18. Cytotrophoblastic contribution to the regenera-
tion of the villous syncytiotrophoblast. As soon as the syncytio-
trophoblast shows its first signs of degeneration (loss of
ribosomes—blue; degranulation of rough endoplasmic reticu-
lum—blue), the cytotrophoblast begins to proliferate. Some of
the daughter cells start differentiation and develop large
numbers of organelles. At the same time the initiation stages of
apoptosis are started in the cytotrophoblast and the phosphati-
dylserine flip takes place, which induces syncytial fusion. After
disintegration of the separating membranes, the newly formed
cytotrophoblast organelles together with high amounts RNA
and proteins are transferred into the syncytium and thus regen-
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erate the latter. Apoptosis inhibitors (Bcl-2, Mcl-1) expressed
in the cytotrophoblast and transferred into the syncytiotropho-
blast by syncytial fusion, temporarily block progression of the
apoptosis cascade. The freshly incorporated nucleus can easily
be identified for a certain period because of its size and low
quantity of heterochromatin. As soon as the syncytial organelles
degenerate again, this process starts anew. In this way, large
numbers of trophoblastic nuclei accumulate in the syncytiotro-
phoblast. They are clustered as syncytial knots, protrude as
sprout-like structures, and finally are pinched off into the inter-
villous space. (Source: Modified from Kaufmann, 1983, with
permission.)
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Contractor et al. (1977) have studied this process in
detail in the human and Firth et al. (1980) in the guinea
pig. The fusion seems to be initiated by establishment of
gap junctions that bridge the intercellular space. Con-
nexin 43 is under discussion as the responsible gap junc-
tion molecule in the human (Malassine et al., 2003). In
vitro data suggest that hCG plays a major role in the
stimulation of gap junction communication during human
trophoblast fusion and differentiation (Cronier et al.,
1997). It is proposed that the major role of the gap junc-
tions is to bring the adjacent plasma membranes into
close contact to become the starting points for cell fusion.
Experimental studies in pseudopregnant rabbits have
shown that the formation of a uterine epithelial syncy-
tium, characteristic for implantation in this species, is also
introduced by formation of gap junctions; they establish
intercellular coupling and finally induce dissolution of the
membranes (Winterhager, 1985). As a second step, plasma
bridges between syncytium and cytotrophoblast are
formed. From the gap junctions, this process spreads over
the contact surface between Langhans’ cell and syncytio-
trophoblast. According to Contractor (1969) and Con-
tractor et al. (1977), increased numbers of secondary
lysosomes are actively involved in disintegration of the
plasma membranes.

Freshly fused syncytiotrophoblast can easily be identi-
fied by electron microscopy, enzyme histochemistry, and
immunohistochemistry (Figs. 6.15B and 6.18; also see Fig.
6.22B).They are characterized by a compact area of accu-
mulated mitochondria, rough endoplasmic reticulum, and
free ribosomes. These structures surround a large, ovoid
nucleus rich in euchromatin. Such nuclei still may show
immunoreactivity for proliferating-cell nuclear antigen
(PCNA), a protein related to DNA polymerase & and
usually expressed in proliferating cells (Kohnen et al.,
1993); the molecule has a half-life of about 24 hours and
may thus persist from the last mitosis, via syncytial fusion,
to the syncytial state. Its presence in syncytiotrophoblast
must not be misinterpreted as a sign of proliferative activ-
ity of the latter.

In accordance with the ultrastructural appearance of
freshly fused syncytiotrophoblast, maximal activities of
all enzymes of aerobic and anaerobic glycolysis have
been shown (Kaufmann & Stark, 1972). The density of
organelles and the activities of enzymes considerably
exceed that of the overlying syncytiotrophoblast. The
density of organelles and enzyme activities decrease soon
with spreading over the neighboring parts of the syncy-
tium. Even then, the “new” syncytial area can easily be
detected by the unusual size of its nucleus.

According to the results of Martin and Spicer (1973b),
the nuclei are the most reliable indicators for the syncy-
tial “age,” which is the time elapsed since the syncytial
fusion. Prevalence of small, densely stained, obviously
pyknotic syncytial nuclei together with reduced numbers
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of Langhans’ cells indicate degenerative changes of the
syncytiotrophoblast because of reduced syncytial fusion.
In early stages of pregnancy, also degenerating villous
trophoblast cells are regular findings. Between pregnancy
weeks 6 and 15, Burton and coworkers (2003) found
0.49% Langhans’ cells showing secondary mnecrosis
(aponecrosis; abortive forms of apoptosis) and 5.97%
Langhans’ cells characterized by primary necrosis.

NEMATOSOMES

Nematosomes are spherical to ovoid, membranefree organelles with
a diameter of about 1 um (Fig. 6.19). They consist of helically arranged
central strands of filaments to which small electron-dense conglomerates
are attached. The latter are thought to consist of storage forms of RNA
(Grillo, 1970; Ockleford et al., 1987). Many authors have described
nematosomes as regular features of undifferentiated Langhans’ cells.
They have also been found within other embryonic tissues and in
neurons, but never in syncytiotrophoblast. The most detailed review of
the relevant literature is that by Ockleford et al. (1987).

Regarding their potential role as RNA storage, studies of apoptosis
in villous trophoblast may be of interest. It has been shown that apop-
tosis is already initiated in cytotrophoblast prior to fusion. Syncytiotro-
phoblast is already in an advanced stage of apoptosis (Huppertz
et al., 1998). In apoptotic tissues transcription is gradually downregu-
lated, and there is evidence that large amounts of RNA already tran-
scribed in the cyfotrophoblast are “transplanted” into the syncytium by
syncytial fusion. Nematosomes may represent one of such storage
forms. No evidence has thus far been found of any relationship between
nematosomes and overt gestational pathology and between nemato-
somes and virus infections in the placenta (Ockleford et al., 1987).

Endocrine Activities of the Villous
Cytotrophoblast

In addition to their role as trophoblastic stem cells, endo-
crine activities have been attributed to the cytotropho-
blast. Repeatedly, it has been suggested that Langhans’
cells are the source of hCG.

Two arguments have been stressed: the number of Langhans’ cells and
their proliferative activity seem to parallel the urinary and serum levels
of hCG (Gey et al., 1938; Wislocki & Bennett, 1943; Tedde & Tedde-
Piras, 1978); trophoblast cultures continue to produce hCG when only
cytotrophoblast survives (Stewart et al., 1948). The first deduction is
inconclusive, as only the relative rather than the absolute amount of
villous cytotrophoblast is so impressive in early pregnancy. As discussed
earlier, the absolute number of Langhans’ cells increases steadily until
term. Also, the second deduction is not convincing. Cytotrophoblast
behaves differently under culture conditions; here it acquires stages of
differentiation that are not reached in vivo (Nelson et al., 1986; Kao
et al., 1988).

Midgley and Pierce (1962), Dreskin et al. (1970), Hama-
naka et al. (1971), and Kim et al. (1971) described hCG
immunoreactivities mainly within the villous syncytiotro-
phoblast. Outside the villi, in extravillous tissues where
syncytial fusion is rare, extravillous trophoblast locally
synthesizes this hormone (see Chapter 9). Gaspard et al.
(1980) were the first to point out that o-hCG and B-hCG
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A

FIGURE 6.19. A ,B: Transmission electron micrographs of undif-
ferentiated villous cytotrophoblast in a human placenta at term.
The cells show typical nematosomes consisting of helically

under certain conditions can be found also in the villous
cytotrophoblast. The B-hCG subunit, however, was
detected in cytotrophoblast only underlying heavily
damaged syncytium.

Molecular studies by Hoshina et al. (1982, 1983, 1984)
and Kliman et al. (1986, 1987) produced evidence that
the ability to secrete hCG and hPL is related to the level
of trophoblastic differentiation. Boime et al. (1988) pro-
posed a model for hCG and hPL expression that asso-
ciates subsequent activation of a-hCG, B-hCG, and hPL
genes at different stages of differentiation. Under normal
in-vivo conditions, o-hCG is expressed and secreted
directly before fusion, B-hCG immediately following
fusion, and hPL slightly later. Following discussion with
the authors, we suggest, however, that this cascade of
gene activation is not tied to the syncytial fusion itself but
rather to the process of trophoblastic differentiation.
Under normal in vivo conditions, syncytial fusion takes
place at the time of o-hCG expression. In pathologic
conditions (B-hCG expression by cytotrophoblast;
reported by Gaspard et al., 1980), in tissue culture, and
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B

arranged strands of filaments to which small electron-dense
bodies are attached. The structures resemble coiled strings of
beads. A: x8400; B: x20,500.

under normal conditions in extravillous cytotrophoblast,
syncytial fusion but not the sequence of gene expressions
may be delayed or completely inhibited.

Only a few reports have considered additional secre-
tory activity of the villous cytotrophoblast. Nishihira and
Yagihashi (1978, 1979) reported the production of soma-
tostatin in Langhans’ cells. Somatostatin is an inhibitor of
adenohypophyseal hormones, such as growth hormone
and thyroid-stimulating hormone (TSH). These authors
discussed a suppressive role of somatostatin on hCG and
hPL production by the syncytiotrophoblast.

Other peptides with alleged origin in the villous cyto-
trophoblast are corticotropin-releasing factor (CRF)
(Petragliaetal.,1987;Saijonmaaetal.,1988),gonadotropin-
releasing hormone [GnRH, placental luteinizing hormone
releasing factor (LRF)] (Khodr & Siler-Khodr, 1978),
neuropeptide Y (NPY) (Petraglia et al., 1989), and inhibin
(Petraglia et al., 1987). Reevaluation of the latter two
papers (Petraglia et al., 1987, 1989) and repetition of the
experiments in cooperation with the author revealed,
however, that inhibin and NPY immunoreactivities were
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clearly localized in the villous capillary walls, and only
certain inhibin subunits were found in the trophoblast,
too. Korhonen and coworkers (1991) arrived at similar
conclusions. In later publications, Petraglia et al. (1991,
1992) have specified their findings for the various inhibin
subunits. Regulatory effects of inhibin on the hCG secre-
tion are discussed by Petraglia et al. (1987, 1990) and by
Petraglia (1991).

Trophoblast Turnover and
Syncytial Fusion

As already discussed above, syncytiotrophoblast lacks
*H-thymidine incorporation and consequently nuclear
replication (Richart, 1961; Galton, 1962; Pierce & Midgley,
1963; Fox, 1970; Weinberg et al., 1970; Kim & Benirschke,
1971; Geier et al., 1975; Kaufmann et al., 1983; Huppertz
et al., 1999). Therefore, syncytiotrophoblast cannot grow
by itself. Rather, syncytial growth and surface expansion
throughout pregnancy depend on continuous incorpora-
tion of cytotrophoblast by syncytial fusion. As we will
show below, syncytial fusion does not only fulfill the syn-
cytiotrophoblastic needs for growth, but rather has addi-
tional functional importance.

Quantitation of Trophoblast Turnover

This becomes evident when one compares for an average
near-term placenta (1) the number of proliferating tro-
phoblast cells (Kosanke et al., 1998) with (2) the weight
gain of syncytiotrophoblast in the respective period (see
Tables 28.2 and 28.3). It must be pointed out that the
following calculations are partly based on very rough
assumptions. The resulting data should be used as very
preliminary clues only:

e In the last month of pregnancy, placental villi are
covered with a mean of 90g of trophoblast, 77.5g
of which are syncytiotrophoblast and 12.5g
cytotrophoblast.

e Assuming a mean volume for a villous trophoblast cell
to be 1400 um’, 12.5 g of cytotrophoblast correspond to
9 x 10° villous trophoblast cells.

¢ The trophoblastic surface per placenta at term amounts
to about 12m? (see Table 28.5), and per 10,000 um?* of
surface, 70 trophoblast mitoses take place within 4
weeks (Kosanke et al., 1998). From this, we calculate
3 x 10° villous trophoblast mitoses per day and per
placenta.

¢ A low percentage of postmitotic trophoblast cells may
degenerate (assumption, 15-20%). We furthermore
suppose that the absolute number of villous tropho-
blast cells is kept largely constant throughout the last
trimester (Table 28.3). It follows that about 2.5 x 10° of
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the trophoblast cells produced daily by mitosis, subse-
quently will fuse syncytially; this corresponds to a daily
generation rate of 3.5g of new syncytiotrophoblast.

e The weight gain of villous syncytiotrophoblast in the
last month of pregnancy is 10 to 11g. That equals a
daily rate of syncytiotrophoblast growth of about
04g.

e Accordingly, only 0.4g of the daily generated 3.5g of
syncytiotrophoblast are required to cover the daily
expansion of the syncytial surface.

e The remaining about 3.1g, which are generated in
excess of the daily growth rate, are shed again as
syncytial knots into the maternal circulation. This
figure nicely fits to data presented by Iklé (1964); he
found a daily shedding rate of about 150,000 “sprouts”
(apoptotic knots). Assuming nearly round structures
with a mean diameter of 15 to 20um, this equals 1.5
to3.5g.

e We know from the structural features described above,
that not freshly included nuclei but rather the oldest
nuclei are shed as syncytial knots. Based on a total of
77.5g of syncytiotrophoblast at term, a shedding rate
of 3.1g/day suggests an average of 25 days between
inclusion of a cytotrophoblast nucleus by syncytial
fusion and its extrusion via a syncytial knot.

e Accordingly, syncytiotrophoblast generated once, does
not live until the end of pregnancy. Rather, the cytotro-
phoblast is incorporated for a transient period of
25 days only, after which the aged remains of the cells
(nuclei and some surrounding cytoplasm) are again
extruded by syncytial knots into the maternal.

Why Does Syncytiotrophoblast Survival
Depend on Syncytial Fusion?

The importance of syncytial fusion for survival of syncy-
tiotrophoblast is stressed by several observations. The life
span of syncytiotrophoblast in culture without syncytial
incorporation of cytotrophoblast is limited. Assuming
that isolated syncytiotrophoblast has already a mean age
of 12.5 days, its complete structural disintegration should
be in the same range of nearly 2 weeks. Its functional
death happens much earlier: in vitro, syncytiotrophoblast
without cytotrophoblastic fusion shows steeply decreas-
ing hormonal production rates within some days and
finally dies (Castellucci et al., 1990a; Crocker et al., 2004).
Similarly, maximal villous cytotrophoblast proliferation
without syncytial fusion, as observed in severe hypoxia in
vitro, was accompanied by syncytial degeneration (Fox,
1970). From experimental studies in the rhesus monkey
placenta (Panigel & Myers, 1972), it has become evident
that loss of villous cytotrophoblast and degenerative
changes of the syncytiotrophoblast are usually
associated.
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Downregulation of transcription following syncytial
fusion very likely is the major reason for the limited life
span of syncytiotrophoblast. To test this hypothesis, *H-
uridine incorporation into villous trophoblast was studied.
The resulting data resembled the results of *H-thymidine
incorporation studies. This RNA precursor was mostly
incorporated into the nuclei of cytotrophoblast and
stromal cells (Fig. 6.20B) (Kaufmann, 1983; Kaufmann
et al., 1983; Huppertz et al., 1999). Syncytiotrophoblast
did not show *H-uridine incorporation levels detectable
by autoradiography. Meanwhile, the lack of transcription
in syncytiotrophoblast has also been proven specifically
for some genes. These include the apoptosis inhibitor bcl-
2 (Huppertz et al., 2003), the protease caspase 8 (Black
et al., 2004), and the anion transporter OAT4 (Black
et al., 2004). Downregulation of transcription is a wide-
spread phenomenon after induction of apoptosis (Owens
etal., 1991; Leist et al., 1994; Kockx et al., 1998). This does
not necessarily imply lacking transcription of all proteins;
rather transcription is focused on few genes that are
essential for safe execution of apoptosis.

If this were true for the majority of genes in the syncy-
tiotrophoblast, the latter regarding survival and func-
tional activity would depend on continuous supply with
cytotrophoblastic RNA through syncytial fusion of cyto-
trophoblast. In this case, not the rather low requirements
of growth expansion of syncytiotrophoblast, but rather
the much higher demands of RNA would define the rate

A

FiGure 6.20. A:°H-thymidine incorporation into the villous tro-
phoblast. The black silver grains indicate active DNA synthesis.
They have accumulated only over the cytotrophoblastic nuclei
(big black spots in the center). The syncytiotrophoblast shows
no signs of DNA synthesis. x1400. (Courtesy of Dr. W. Nagl.) B:
*H-uridine incorporation into the villous trophoblast. Similar to
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of syncytial fusion. One may object that messenger RNA
(mRNA) due to universally available ribonuclease
(RNAse) has an extremely short half-life, which would
not be in agreement with mRNA supply only by cellular
fusion. On the other hand, the human placenta is the
richest known source for the RNAse inhibitor (RNAsin)
(Blackburn & Gavilanes, 1980), which blocks RNA cleav-
age and thus helps stabilizing mRNA. Moreover, the
nematosomes characteristic for the human trophoblast
and which are thought to consist of storage forms of
RNA (Grillo, 1970; Ockleford et al., 1987) may present
means for the preservation of RNA between syncytial
fusion and utilization for translation within the
syncytiotrophoblast.

In conclusion, it is not only the mass of trophoblast that
is required for growth; rather, we suspect that fusion
takes place to transfer “consumables” not synthesized in
the syncytium itself (e.g., RNA), from the cytotrophoblast
into the syncytiotrophoblast to maintain its functional
capacity. Only with this continuous regeneration by fusion
syncytiotrophoblast is kept functionally active.

Trophoblastic Differentiation and
Apoptosis Cascade

Programmed cell death (apoptosis) as opposed to acci-
dental cell death (necrosis) is characterized by typical
ultrastructural signs such as annular chromatin condensa-

*H-thymidine incorporation, *H-uridine, as a precursor of RNA,
is mostly incorporated into the cytotrophoblast (fine black
grains), indicating that RNA metabolism in the syncytiotropho-
blast is downregulated by apoptotic events but fully active in
the cellular trophoblast. x1400. (Courtesy of Dr. W. Nagl.)
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tion, loss of microvilli, cytoplasmic dehydration, and
membrane blebbing, but preservation of organelle integ-
rity (for review, see Kerr et al., 1995). These features have
been observed since the early periods of electron micros-
copy also in villous syncytiotrophoblast; however, their
interpretation and designation as apoptosis took place
considerably later. This delay was partly because the term
programmed cell death (apoptosis) seemed to be not
applicable to a tissue, which represents an acellular, syn-
cytial continuum.

With a delay of about 25 years, a series of studies of
various aspects of apoptosis suggested that villous syncy-
tiotrophoblast undergoes a closely related process of pro-
grammed death that involves most but not all the classic
features of apoptosis. Aspects studied in the placenta
comprise Fas and FasL expression (Runic et al., 1996;
Bamberger et al., 1997; Uckan et al., 1997); expression of
the tumor necrosis factor-o. (TNF-0)) receptors p55 and
p75 (Yui et al., 1996); Bcl-2 expression (Castellucci et al.,
1993c; LeBrun et al., 1993; Sakuragi et al., 1994; Kim
et al., 1995; Lea et al., 1997; Marzioni et al., 1998); DNA
degradation (TUNEL test) (Yasuda et al., 1995; S.C.
Smith et al., 1997a; Kokawa et al., 1998); and annular
chromatin condensation (Nelson, 1996).

In a series of studies, different stages of the apoptotic
cascade were correlated with differentiation, syncytial
fusion, and degeneration of villous trophoblast (Hup-
pertz et al., 1998, 1999, 2001, 2002, 2003; Huppertz &
Kaufmann, 1999; Black et al.,2004). In summary, the data
suggested that apoptosis starts as early as in the cellular
stage of trophoblast differentiation and subsequently is
involved in a series of events (Fig. 6.18):

e The p55 receptor for TNF-0, a major inducer of apoptosis, is
expressed by villous cytotrophoblast (Yui et al., 1994, 1996).
Caspase-8, a so-called initiator caspase that starts the apoptosis
cascade becomes activated already in the cellular stage of
trophoblast (Huppertz et al., 1999). Moreover, inhibitor proteins
(Bcl-2 and Mcl-1) as well as inactive proforms of some of the molecu-
lar machinery of later steps of the cascade (pro-caspase-3, inactive
transglutaminase) are available in these cells (Hupperiz et al.,
1998).

e The start of these early stages of the apoptosis cascade seems to be
responsible for trophoblast cells leaving the cell cycle and entering
the differentiation pathway (for review, see Huppertz et al., 2001).
In vitro data by McKenzie et al. (1998) revealed that interactions
between (1) increased expression levels of the cyclin-dependent
kinase (Cdk) inhibitor Kip1, (2) inactivation of Cdk2, (3) downregula-
tion of cyclin E, and (4) accumulation of active (hypophosphorylated)
retinoblastoma gene product (pRb) are responsible for blockage of
the S phase of cytotrophoblast and the cells’ entrance into the differ-
entiation pathway. This happens only to a small percentage of cells.
In a variety of other cells, it was shown that Bcl-2 induces the cells
to enter a quiescent Go/G; state and thereby reduces proliferation
(Vairo et al., 1996; O'Reilly et al., 1997). Furthermore, Mazel et al.
(1996) have shown that elevated levels of Bcl-2 lead to an increase
of hypophosphorylated retinoblastoma gene product (pRb), which
according to McKenzie et al. (1998) was responsible for blockage
of the cell cycle.
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* Moreover, the endogenous retroviral envelop protein ERV-3 Env is
under discussion because it may commit trophoblast cells to cell cycle
arrest (for details, see below) (Rote et al., 2004).

® In some of the cells, which had left the cell cycle and had reached
higher levels of differentiation, the flip of phosphatidylserine (PS flip)
from the inner to the outer plasmalemmal leaflet occurs (Huppertz
et al., 1998). Different molecular steps lead to the PS flip: (1) the
activation of initiator caspase-8; (2) the caspase-8-mediated activa-
tion of slow floppases or fast scramblases, both of which actively
translocate negatively charged phosphatidylserine from the inner to
the outer plasmalemmal leaflet; (3) the caspase-8-mediated inactiva-
tion of flippases (translocases), which normally would counteract
outward flipping of PS from the inner to the outer plasmalemmal
leaflet. The net effect of all three processes together is the accumula-
tion of phosphatidylserine in the outer plasmalemmal lecflet (for
review, see Huppertz et al., 2001). This PS flip seems to be a pre-
requisite for syncytial fusion of trophoblast cells (in vitro data by
lyden et al., 1993; Adler et al., 1995; Katsuragawa et al.,
1997).

e Consequently, our data suggest that early, but still reversible, stages
of apoptosis in highly differentiated trophoblast cells initiate syncytial
fusion; parallel expression of the inhibitory proto-oncogene products
Bcl-2 and Mcl-1 for 3 to 4 weeks prevents irreversible progression
of the apoptotic cascade.

* Inhibition of the apoptosis starter caspase-8 in vitro blocked syncytial
fusion and thus demonstrated the importance of these initiation stages
of apoptosis for the fusion process.

e Following syncytial fusion, irreversible progression of apoptosis is
blocked, so long as sufficient amounts of members of the Bcl-2 family
of proteins (Bcl-2: Marzioni et al., 1998; Huppertz et al., 2003;
Mcl-1: Huppertz et al., 1998) are present in the syncytiotrophoblast.
The data moreover suggest that either the inhibitory protein itself or
its mRNA is transferred from the cytotrophoblast into the syncytium
by syncytial fusion (Huppertz et al., 2003).

* In apoptotic cells, transcription of mRNA is typically reduced; this
was also shown for syncytiotrophoblast (Kaufmann et al., 1983). The
RNA of the latter is likely to be transplanted from the cytotrophoblast
by syncytial fusion, rather than being synthesized in the syncytium
itself (Fig. 6.20B). The data imply that this is also valid for Bcl-2 and
Mcl-1 mRNA (Huppertz et al. 2003).

e Consequently, prevention of irreversible apoptotic damage depends
on syncytiotrophoblastic availability of inhibitory members of the
Bcl-2 protein family; this in turn depends on syncytial fusion of tro-
phoblast cells in regular, but still unknown, infervals.

* As long as fresh cytotrophoblast is incorporated into villous syncytio-
trophoblast, syncytial apoptosis does not progress generally but
rather only focally. These apoptotic foci in the syncytiotrophoblast
are characterized by several features (Huppertz et al., 1998, 1999,
2002): focal loss of immunoreactivities for Bcl-2 and Mcl-1; PS flip;
leakiness of the syncytial plasmalemma for propidium iodide;
activation of caspase-3; degradation of nuclear proteins such as
PARP (poly ADP-ribose polymerase) (involved in DNA repair), lamin
B (an intrinsic nuclear pore protein), and topoisomerase lla (involved
in condensation of chromosomes); translocation of TIAR (Tell
restricted intracellular antigen-related protein) (involved in biogenesis
and translation of mRNA) from the nucleus to the cytoplasm; activa-
tion of transglutaminase Il beneath the apical plasmalemma where
it prevents loss of proteins through the increasingly leaky
membrane.

e The final steps of syncytiotrophoblastic apoptosis comprise DNA
degradation with TUNEL positivity and annular chromatin condensa-
tion of the nuclei. In most cases, these features are restricted to nuclei
in syncytial knots and sprouts, indicating that the apoptotically
damaged nuclei are focally accumulated (Fig. 6.21) before shedding
info the intervillous space (Yasuda et al., 1995; Nelson, 1996;
Huppertz et al., 1998, 2002).
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FIGURE 6.21. Schematic representation of trophoblast turnover
and trophoblastic apoptosis at the villous surface. Cytotropho-
blast nuclei surrounded by high concentrations of ribosomes
(blue) are transferred into the syncytiotrophoblast by syncytial
fusion. In the course of about 3 weeks the syncytially incorpo-
rated nuclei undergo apoptotic changes, accompanied by loss of
RNA and degranulation of the surrounding cytoplasm (the
density of blue point shading represents density of ribosomes).
Finally, the nuclei are accumulated and extruded by apoptotic

e Interestingly, most of the final steps of apoptosis with accumulation
of apoptotic nuclei were observed at or close to villous tips, suggest-
ing that flux of nuclei during the process of apoptosis is a unidirec-
tional process from the villous base to its tip, comparable fo that in
intestinal villi.

* Since caspase-3 upon activation in the syncytiotrophoblast among
others cleaves also cytoskeletal components such as cytokeratins
(Huppertz et al., 1998, 2002; Kadyrov et al., 2001), the loss of
cytoskeletal anchorage of nuclei may facilitate their movement along
the villi and their accumulation at the villous tips. As force causing
this unidirectional nuclear movement, one may discuss maternal
blood flow in the surrounding intervillous space.

* We never found breakdown of nuclei with formation of typical apop-
totic bodies in the syncytiotrophoblast. Rather, accumulated apoptotic
and preapoptotic nuclei, surrounded by some cytoplasm and a
plasmalemma, are shed as so-called syncytial knots or sprouts. We
prefer the term apoptotic knots. It is assumed that these are further
degraded in the lung (lklé, 1964; Wagner et al., 1964), presumably
by alveolar macrophages (Hupperiz et al., 1998), a process that
has not yet been studied. The role of this trophoblast deportation
for the pathogenesis of preeclampsia is under discussion (Johansen
et al., 1999; Hupperiz et al., 2002).
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knotting and shedding. The remaining syncytiotrophoblast is
void of nuclei and corresponds to the thin syncytial lamellae of
vasculosyncytial membranes and to syncytial lamellae covering
villous cytotrophoblast. New syncytial fusion of differentiating
cytotrophoblast supplies the syncytiotrophoblast with fresh
nuclei, new ribosomes and other organelles. These cyclic events
at the villous surfaces are the basis of regional specializations
of villous syncytiotrophoblast.

Taken together, the above data suggest, that a pro-
longed form of apoptosis drives the stages of trophoblast
differentiation and trophoblast turnover:

1. Initiation stages of apoptosis are responsible for
the trophoblast cell’s exit from the cell cycle and for its
entrance into the differentiation pathway.

2. Activation of the apoptosis initiating caspase-8
induces the phosphatidylserine flip, which is a key signal
for syncytial fusion.

3. Upon syncytial fusion, excess expression of apopto-
sis inhibitors blocks further progression of the apoptosis
cascade for 3 to 4 weeks (mean 25 days, see above).
Throughout this period, the syncytiotrophoblast fulfills its
functions as maternofetal transport barrier and as meta-
bolic center of the placenta.

4. Throughout these 4 weeks of retarded apoptosis so-
called differentiation stages of syncytiotrophoblast are
driven by apoptotic mechanisms that finally result in the
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mosaic pattern of different types of syncytiotrophoblast
(see above): Caspase-3 mediated degradation of the
cytoskeleton enables nuclear accumulation producing (1)
nuclear knots and (2) syncytial lamellae (e.g., vasculosyn-
cytial membranes) void of nuclei. Apoptosis-related con-
tinuous loss of RNA leads to degranulation of rough
endoplasmic reticulum to the benefit of smooth endo-
plasmic reticulum.

5. Finally, massive restart of the cascade with activa-
tion of endonucleases by caspase-3 induces DNA break-
down and nuclear condensation. This results in extrusion
of about 3g of apoptotic knots per day, consisting of
apoptotic nuclei with some surrounding aged syncytio-
plasm well sealed in plasma membranes.

Molecular Mechanisms of
Syncytial Fusion

There are two different types of syncytial fusion of human
trophoblast (for review, see Potgens et al., 2002):

e Cell-cell fusion is limited to the periimplantation
period and involves trophoblast cells of the blastocyst.
As soon as implantation is completed, trophoblast cells
do not fuse any longer with each other.

e Rather, extension of the already existing syncytiotro-
phoblast from now onward takes place by cell-syncy-
tium fusion.

One of the critical aspects of all studies on trophoblast
fusion is that nearly all in situ studies describing the local-
ization of the various molecules involved are performed
on placental villi, and thus on cell-syncytial fusion. By
contrast, in vivo models based on trophoblast cells or
analogs study cell-cell fusion. Since cell-cell fusion is
restricted to implantation and seems to be blocked in
subsequent placentation, it is very unlikely that the
molecular mechanisms of both events are identical
(Potgens et al., 2002). If this holds true, we also cannot
be sure that data obtained on cell-cell fusion in vitro
can easily be transferred to such obtained on cell-syncy-
tium fusion in vivo. Several contradictions among the
results of both approaches must possibly be explained in
this way.

Phosphatidylserine Flip as Fusion Signal

Phosphatidylserine is well accepted as a key player in the
syncytial fusion process (for review, see Huppertz et al.,
2001). It normally prevails in the inner plasmalemmal
leaflet. This asymmetry is maintained by flippases (trans-
locases), which translocate spontaneously outward flip-
ping PS molecules back to the inner leaflet. Accumulation
of larger amounts of PS in the outer plasmalemma (PS

6. Basic Structure of the Villous Trees

flip) is the consequence either of degradation of these
flippases by caspase-8 or of caspase-8-mediated activa-
tion of slow floppases and fast scramblases, both of which
actively translocate phosphatidylserine from the inner to
the outer plasmalemma leaflets. Antibodies directed
against externalized phosphatidylserine blocked tropho-
blast fusion in vitro (Adler et al., 1995; Katsuragawa et
al., 1997; Rote et al., 1998). The same holds true for the
prevention of the PS flip by inhibition of its enzymatic
starter, caspase-8 (Black et al., 2004). Also immunohisto-
chemically, the PS flip was shown in fusion-stages of tro-
phoblast cells (Huppertz et al., 1998, 1999).

On the other hand, the PS flip is a ubiquitous phenom-
enon among apoptotic cells throughout the body (Martin
et al., 1995; Bevers et al., 1996); however, most of these
cells do not fuse syncytially. Rather, syncytium formation
is a strictly regulated event, which in the human occurs
only between cells of the same lineage (trophoblast cells,
myoblasts, and osteoclasts). This suggests that not only
the PS flip, but also additional tissue-specific cell surface
signals are required for fusion. Their presence avoids het-
erofusion with cells of other lineages. Several such fuso-
genic membrane proteins are currently under discussion
(see below). Most of them, however, are continuously
expressed in those cells, which are destined to undergo
fusion, also in phases of their lives in which they do not
fuse. Consequently, a second acute fusion signal is
required, which is activated as soon as the cell has reached
a degree of differentiation sufficient for syncytial fusion.
We suggest that the phosphatidylserine flip may serve as
this acute fusion signal.

Junctional and Adhesion Molecules
as Fusion Mediators

The formation of gap junctions was shown to precede
syncytial fusion (Firth et al., 1980). Therefore, junctional
molecules such as connexins are candidates as fusogenic
molecules. Antisense inhibition of connexin 43 expres-
sion in primary trophoblast cultures blocked syncytial
fusion (Malassiné et al.,2003). The effect of this gap junc-
tion molecule is possibly to allow the exchange of cellular
messenger molecules that regulate the molecular machin-
ery leading to fusion since blockage of fusion was accom-
panied by reduced transcription of the syncytin gene,
another fusogenic protein (see below).

In addition, the adhesion molecules cadherin-11 and
E-cadherin appear to play (opposing) roles in mediating
trophoblast fusion (Getsios and MacCalman, 2003).

The ADAM Family of Fusogenic Proteins

A family of proteins called ADAM (a disintegrin and a
metalloproteinase domain) is involved in many cell-cell
fusion processes (for review, see Wolfsberg & White,
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1996). ADAM 1 and 2 (fertilins o and ) were shown to
be crucial for sperm—egg fusion in the mouse (Cho et al.,
1997, 1998; Evans et al., 1998). The human fertilin gene,
however, is dysfunctional so that fertilins are no candi-
date molecules for any type of cell-cell fusion in the
human (Jury et al., 1997, 1998). ADAM 12 (meltrin o)
triggers fusion of myoblasts into skeletal muscle fibers
(Yagami-Hiromasa et al., 1995; Gilpin et al., 1998; Gal-
liano et al., 2000) and also the formation of osteoclasts
(Abe et al., 1999). Meltrin-oo mRNA was also detected
in the human placenta (Gilpin et al., 1998), but as yet it
is not clear whether trophoblast or another cell type
(e.g., blood mononuclear cells) was responsible for this
expression.

Endogenous Retroviral Envelope Proteins
of the HERV Family (Syncytins) and
Their Receptors

Retroviruses use fusogenic envelope proteins to attach to
and to fuse with host cells. In the course of phylogenesis,
certain retroviral proteins have been incorporated into
the human genome. Special attention has been attributed
to envelope elements of three human endogenous retro-
viruses (HERV), namely ERV-3 Env, HERV-W Env, and
HERV-FRD Env (for review, see Rote et al., 2004).

e Among those, the functional role of the ERV-3 Env
(HERV-R Env) protein in the placenta is still a mystery.
In isolated trophoblast its expression is upregulated
during differentiation and in parallel to the expression
of the B-subunit of hCG (for review see Rote et al.,
2004). The same authors speculate that expression this
retroviral protein commits the trophoblast cells to cell
cycle arrest.

e More is known about the fusogenic retroviral envelope
protein HERV-W, named syncytin-1 (Blond et al., 1999;
Mi et al., 2000; Lee et al., 2001). Syncytin seems to play
a key role in syncytial trophoblast fusion. It was shown
to be expressed in human trophoblast and, upon trans-
fection into other cells, induced the formation of syn-
cytia (Blond et al., 2000; Mi et al., 2000). Frendo et al.
(2003) showed that syncytin expression was upregu-
lated after stimulating syncytial fusion of primary cyto-
trophoblast by a cyclic adenosine monophosphate
(cAMP) analogue. Furthermore, they showed that
antisense inhibition of syncytin in these primary cell
cultures actually inhibited fusion.

e A second fusogenic protein of the closely related
HERV-FRD family was identified in placental tissues
recently and named syncytin-2 (Blaise et al., 2003). It
appears to have another receptor. Functional differ-
ences as compared to syncytin 1 are not yet known.

Blond et al. (2000) identified the type D mammalian
retrovirus receptor (RDR), also known as neutral amino
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acid transporter system ATBO (ASCT2 or SLC1AS)
(Kekuda et al., 1996; Rasko et al., 1999; Tailor et al., 1999)
as a syncytin receptor. A second amino acid transporter,
ASCT1, was described as an alternative syncytin receptor
(Lavillette et al., 1998; Marin et al., 2000, 2003).

Interestingly, also other amino acid transporters are under discussion
as candidate fusogenic proteins: CD98 is a subunit of a family of amino
acid transporter molecules. Apart from its transporter function, it has
been proposed to play a role in cellular differentiation, activation,
adhesion, as well as fusion. It has been shown to play a modulating
role in cell fusion of monocytes/macrophages into osteoclasts, as well
as in virusmediated cell fusion (reviewed in Devés & Boyd, 2000).
Kudo et al. (2003b) have recently shown that reduction of CD98
expression through an antisense oligonucleotide inhibited fusion of
BeWo cells. The mechanisms by which CD98 influences cell-cell fusion
as well as the question of whether, comparable with ASCT 2, it acts as
a receptor for another fusogenic protein, is not yet clear (Devés & Boyd,
2000).

The distribution of syncytin-1 in the human placenta
was studied by various means. Syncytin-1 mRNA was
detected by Northern blot in the placenta (Mi et al.,
2000). By in situ hybridization, nRNA encoding syncytin-
1 so far was described only in syncytiotrophoblast of term
and preterm placentas (Mi et al., 2000). Immunohisto-
chemical data concerning syncytin-1 localization were
quite confusing. Mi et al. (2000) found staining at the
basal syncytiotrophoblast membrane, but in some cases
also at the apical syncytiotrophoblast membrane. In pla-
centas from pregnancies complicated by preeclampsia
syncytin was nearly almost detected in the apical syncy-
tiotrophoblast membrane (Lee et al., 2001). Using the
same antibody on first trimester placenta specimens, syn-
cytin-1 immunoreactivities were not only found in villous
but also in extravillous trophoblast (Muir et al., 2003).
Blond et al. (2000) raised a new recombinant antibody
and showed most staining in the syncytiotrophoblast, but
there were also areas of positive staining in villous cyto-
trophoblast. Smallwood et al. (2003) supported these data
and additionally found in Western blots that syncytin
expression was higher in first trimester compared to term
placenta. By contrast, using the same antibody, Frendo
et al. (2003) demonstrated anti-syncytin-1 reactivity at
the apical syncytiotrophoblast membrane in both first tri-
mester and term placental sections. Using a polyclonal
antibody raised by Yu et al. (2002), we found uniform
staining in the syncytiotrophoblast of first trimester pla-
cental paraffin sections. In the villous cytotrophoblast
layer, only a few cells were stained (Potgens et al., 2004).

Little is known about local distribution of the syncytin
receptors ASCT1 and ASCT2. To date, no antibodies
against these amino acid transporters/receptors are avail-
able, and in situ hybridization on placental sections has
not been performed, yet. Functional studies with isolated
membrane vesicles suggest that little ASCT1 but high
concentrations of ASCT2 are present in the basal
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syncytiotrophoblast plasmalemma (for review see Jansson,
2001; Cariappa et al., 2003). Unfortunately, preparations
of trophoblastic membrane vesicles do not allow any con-
clusion regarding villous cytotrophoblast.

Molecular Control of Syncytial Fusion

Interaction between syncytins and their receptors is not
yet understood. The few, partly contradictory data on
localization of syncytin and ASCT cannot exclude the
possibility that both syncytins and receptors are constitu-
tively expressed in both the syncytiotrophoblast and the
cytotrophoblast. Assuming that both are the only actors
realizing syncytial fusion, this would allow uncontrolled
fusion of cytotrophoblast with neighboring syncytiotro-
phoblast, resulting in complete loss of villous cytotropho-
blast within a short period of time. Accordingly, in a
recent report we showed that both BeWo and JAR cells
expressed the mRNA for ASCT2 and syncytin at nearly
equal levels; however, unlike BeWo cells, the JAR cells

A

FIGURE 6.22. A:Semithin section of enzyme histochemical dem-
onstration of lactate dehydrogenase. Cytotrophoblast shows
increasing enzyme activities from the undifferentiated (u), via
the highly differentiated (h), to the syncytial fusing (s) form.
x840. (Source: Kaufmann & Stark, 1972, with permission.) B:
Semithin section of enzyme histochemical demonstration of
lactate dehydrogenase. Note the complete absence of this
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did not fuse (Borges et al., 2003). Consequently, the
simple presence of syncytin and its receptor, or at least
the presence of the mRNA of both, is not enough to
guarantee fusion.

Rather, whether syncytins and their receptors are part
of a complex cascade of events leading to fusion should
be investigated (Potgens et al., 2004). The need for such
a complex cascade is underlined by morphologic data
reported already above:

e Undifferentiated Langhans’ cells are regularly associated with
syncytiotrophoblast that is equipped with ample rough endoplasmic
reticulum, polyribosomes, and numerous mitochondria (Kaufmann &
Stegner, 1972; Jones & Fox, 1991; Martinez et al., 1997) (Figs.
6.7A and 6.14)—thus syncytiotrophoblast without any signs of
degeneration or progressing apoptosis.

e With increasing degree of differentiation of the Langhans’ cells, in
the overlying syncytiotrophoblast the numbers of free and membrane-
bound ribosomes as well as mitochondria decrease, to the benefit of
smooth endoplasmic reticulum or degenerative/apoptotic features
(Figs. 6.15B and 6.18).

e Similar relations are seen in enzyme histochemical preparations
(Fig. 6.22). Decreasing syncytial activities of enzymes related to the

enzyme in an undifferentiated cytotrophoblastic cell (u) com-
pared to the high activity in a cell that is in syncytial fusion (s).
The large, bright nucleus of the latter can easily be distinguished
from the smaller nuclei of the surrounding older syncytio-
trophoblast. x840. (Source: Kaufmann & Stark, 1972, with
permission.)
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energy metabolism are associated with increasing activities in the
cytotrophoblast (Fig. 6.22) (Kaufmann & Stark, 1972).

e Stages of syncytial fusion always involve cytotrophoblast showing the
highest degrees of differentiation, and syncytiotrophoblast showing
advanced stages of apoptosis, (e.g., complete loss of ribosomes)
(Figs. 6.15 to 6.18) (Kaufmann 1972; Kaufmann & Stegner,
1972).

We have concluded that degenerative (progressing apoptotic) changes
within the syncytiotrophoblast induce (1) differentiation of the underly-
ing cytotrophoblast (Kaufmann, 1972; Kaufmann & Stark, 1972) and
(2) in parallel the initiation stages of cytotrophoblast apoptosis including
PS flip, which are thought to be prerequisites of syncytial fusion
(Huppertz et al., 1998; Black et al., 2004).

Taken together, according to Potgens and coworkers
(2004) any model of molecular control of syncytial fusion
should take into account molecular players which

1. not only represent the ligand-receptor mechanisms
that enable firm attachment and finally fusion of the
adjacent membranes,

2. but also sense the readiness for fusion of cytotropho-
blast, and

3. sense the syncytiotrophoblastic need to incorporate
new cytotrophoblast with new organelles and new
mRNA.

Re (1): In the ligand-receptor interactions very likely
syncytins and receptors, ASCT1 and ASCT2 are
involved. Whether also ADAMSs and or adhesion mol-
ecules are involved, remains open.

Re (2): The readiness to fuse of cytotrophoblast possibly
is sensed by the PS flip. Syncytiotrophoblast as a latent
apoptotic tissue as visualized by annexin-binding
always shows a certain degree of PS flip. In villous
cytotrophoblast PS accumulates in the outer plasma-
lemmal leaflet only after the cell has left the cell cycle,
has started the initiation stages of apoptosis and thus
has reached a certain degree of differentiation. Addi-
tionally, the expression of sufficient levels of ASCT 1
and 2 (or syncytin) may well depend on a sufficient
degree of differentiation.

Re (3): The most logical way to report the syncytial need
for fusion to the cell surface, would be by lack of
respective mRNA and thus by decreasing expression
of a protein that is functionally important and at the
same time involved in the fusion process (Potgens
et al., 2004). A nice example is the syncytin receptor
ASCT2, which acts as amino acid transporter for
maternofetal amino acid transfer. This hypothesis
depends on the following provisions: First, ASCT2 is
expressed by differentiated cytotrophoblast (not yet
proven!). Second, syncytin is expressed mainly or
exclusively by syncytiotrophoblast. Third, high levels of
ASCT2 expression in “young” syncytiotrophoblast
would block the coexpressed syncytin for interaction

79

with ASCT2 in the opposing cell’; but decreasing
ASCT2 expression in aging/apoptotic syncytiotro-
phoblast would liberate syncytin for interacting with
ASCT2 in the opposing cytotrophoblast and would
induce fusion.

The Role of Oxygen and Cytokines in
Trophoblast Proliferation and Fusion

Trophoblast proliferation resulting in increased numbers
of villous cytotrophoblast cells and in increased syncy-
tiotrophoblast thickness is a striking feature in several
pathologic conditions related to hypoxia. Among those
are maternal anemia (Piotrowicz et al., 1969; Kosanke
et al., 1998), maternal hypertensive disorders (Wiggles-
worth, 1962), preeclampsia (Jeffcoate & Scott, 1959;
Wigglesworth, 1962; Fox, 1964, 1997), and pregnancies at
high altitude (Jackson et al., 1985; Mayhew et al., 1990;
Mayhew, 1991; Ali, 1997); for review, see Kingdom and
Kaufmann (1997). Tissue culture experiments (Fox, 1964;
Amaladoss & Burton, 1985; Burton et al., 1989; Castel-
lucci et al., 1990a; Ong & Burton, 1991) have proven the
importance of hypoxia for trophoblast proliferation.

A common finding in villous histology illustrates the regulatory influence
of local oxygen partial pressure on the turnover of cytotrophoblast. With
reduction of the cytotrophoblast layer in the course of pregnancy, the
remaining trophoblast cells accumulate in the neighborhood of fetal
capillaries, situated near the trophoblastic surface (Fig. 6.23A)
(Kaufmann, 1972). Finally, in the term placenta most trophoblast cells
are located at the vasculosyncytial membranes, separating the thin
syncytial lamella from the fetal capillary (Figs. 6.1D, 6.4, 6.7A, and
6.14; also see Chapter 7, Fig. 7.8). On the first glance, this association
appears illogical, as this localization increases the maternofetal diffu-
sion distances at the main sites of diffusional exchange. Reconstructing
the oxygen isobars in a respective villous cross section suggests that
this finding is a consequence of local oxygen partial pressures
(Kaufmann, 1972). As can be seen in Figure 6.23B, the PO, gradient
is much steeper in places where the fetal capillaries directly face the
trophoblast. In this location, the cytotrophoblast is exposed to much
lower PO, levels than those that are far from the capillaries, indicating
that decreased PO, stimulates proliferation. Consequently, far from the
capillaries, in zones of higher PO,, the poorly proliferating cytotropho-
blast fuses and finally disappears. In contrast, increased proliferation
in zones of low PO, near the capillaries helps some of the trophoblast
cells to persist. This kind of regulation makes sense if we assume that
hypoxic conditions damage the syncytiotrophoblast functionally and
structurally.

! Syncytin, as a retroviral envelope protein has the ability to block its
own receptors if coexpressed with its receptors in the same cell (Ponfer-
rada et al., 2003; for review see Colman & Lawrence, 2003). Conse-
quently, the mere presence of syncytin in a certain cell or syncytial
membrane does not necessarily mean that syncytin is available to inter-
act with a receptor molecule in an opposing cell membrane. If coex-
pressed on the same side, syncytins and receptors may neutralize each
other and may not be available for the respective ligands or receptors
in the neighboring membrane. Hence, not the mere presence of both
but rather the balance between local syncytin and receptor expression
levels may determine whether fusion is initiated or not.
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A

FIGURE 6.23. A: Semithin section of the 22nd gestational week
p.m. In contrast to earlier stages of pregnancy, from this stage
onward the fetal capillaries (C) come into a more peripheral
position and establish close contacts to the trophoblastic surface
of the villus because of the reduced villous diameter. Cytotro-
phoblast is concentrated in the neighborhood of the capillaries.
x820. (Source: Kaufmann, 1972, with permission.) B: Why is
cytotrophoblast concentrated near the fetal capillaries? This
idealized cross section of a placental villus demonstrates the
distribution of the villous cytotrophoblast related to the oxygen
tension. The PO, is symbolized by the density of dots. The basic
assumption is that the PO, of the intervillous space (IVS, densely
dotted) is highest, whereas the PO, in the arterial capillary limb
(aC, not dotted) is lowest; despite unlimited oxygen diffusion,
this gradient is kept constant so long as the maternal and fetal

Villous oxygenation better than normal, so-called hyperoxia (Kingdom
& Kaufmann, 1997), negatively influences trophoblast proliferation. In
most placentas, one observes villi with obstructed fetal vessels. This
leads to increasing intravillous oxygen partial pressure since the missing
fetal circulation no longer extracts oxygen. Loss of villous cytotropho-
blast normally accompanies this finding, provided that the maternal
circulation is not impaired in these areas. Panigel and Myers (1972)
have generated this condition experimentally. These authors ligated the
umbilical vessels of one placental disk of the bidiscoidal rhesus monkey
placenta. The fetus survived. After disintegration of the fetal villous
capillaries in the ligated disk, the authors observed an involution of the
villous cytotrophoblast and, finally, degenerative/apoptotic changes of
the syncytiotrophoblast. Because the maternal circulation was still intact,
the syncytiotrophoblast changes could not be explained as being a
consequence of deficient nutrition or hypoxia. Rather, it must be the
result of deficient proliferation of cytotrophoblast and deficient syncytial
fusion caused by abnormally high intravillous PO,.

Growth factors and their receptors involved in the
regulation of trophoblast proliferation among others
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B

circulations are intact. If this assumption is true, one expects a
steeper PO, gradient near the arterial capillary limb (aC) than
far from it, as symbolized by the dotting patterns. As becomes
evident in this diagram, cytotrophoblast near a capillary is
located in zones of lower PO,, because of its steep gradient, as
compared to cytotrophoblast being far away from fetal capillar-
ies and lying in zones of a moderate PO,-gradient. The stimulat-
ing influence of low oxygen tension on cytotrophoblastic mitoses
explains the persistence of cytotrophoblast near the capillaries.
On the other hand, in zones of elevated PO, far from capillaries,
retarded mitotic activity and continuous loss of cytotrophoblast
by syncytial fusion lead to the disappearance of the cytotropho-
blast, as depicted in part A. ST, syncytiotrophoblast; CT, cyto-
trophoblast; vC, venous capillary limb. (Source: Modified from
Kaufmann, 1972, with permission.)

comprise the insulin-like growth factors IGF-I and IGF-
II and their receptors (Boehm et al., 1989a; Ohlsson, 1989;
Ohlsson et al., 1989). In particular, IGF-II is expressed
primarily in highly proliferative cytotrophoblast, as for
example in cell islands and cell columns, while other cel-
lular components such as villous cytotrophoblast or mes-
enchymal stromal cells harbor less active IGF-II genes
(Ohlsson et al., 1989). Because numerous IGF receptors
are expressed in villous cytotrophoblast, it has been sug-
gested that IGF mediates autocrine or short-range para-
crine growth control of placental development (Ohlsson
et al., 1989). There are only a few data on the interactions
between oxygen and IGF action. Owens and coworkers
(1994) reported that in sheep the secretion of both IGF-I
and IGF-II under hypoxia is decreased, whereas hypoxia
increases the secretion of the IGF-inhibiting, IGF-binding
proteins (Morrish et al., 1998; Popovici et al., 2001;
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Verhaeghe et al., 2001). Epidermal growth factor (EGF)
seems to have no effect on trophoblast proliferation
(Maruo et al., 1996). The data on transforming growth
factor-p (TGF-B) are again confusing: TGF-J, the expres-
sion of which is increased by hypoxia (Patel et al., 1994),
was found to inhibit (Lysiak et al., 1993; Tse et al., 2002),
whereas TGF-a (Lysiak et al., 1993; Filla & Kaul, 1997)
stimulates trophoblast proliferation.

Hypoxia-induced trophoblast proliferation would
make particular sense as a compensatory mechanism, if
hypoxia would also stimulate trophoblast apoptosis. This
in fact has been reported by Morrish et al. (1998) and by
Levy et al. (2000). In addition, in vitro data by Benyo
et al. (1997) have shown that villous TNF-o secretion is
significantly increased under hypoxic conditions; TNF-o
is one of the cytokines capable of inducing trophoblastic
apoptosis (see earlier). Its p55 receptor, responsible for
the start of the initiation stages of apoptosis, is expressed
by villous cytotrophoblast (Yui et al., 1994, 1996). More-
over, the data available show increased trophoblastic
apoptosis in pregnancies complicated by preeclampsia
and intrauterine growth restriction (IUGR) (Hayakawa
et al., 1995; S.C. Smith et al., 1997b), pregnancy complica-
tions in the pathogenesis of which abnormal oxygen
supply is involved (Kingdom & Kaufmann, 1997).

Data regarding the effects of oxygen on syncytial
fusion are rare and difficult to interpret. Using cell line
BeWo, Kudo et al. (2003a) and Knerr et al. (2003) have
demonstrated that under hypoxia syncytin mRNA levels
decreased, and were less inducible by forskolin,
compared to “normoxia” (20% oxygen). Hypoxia also
decreased fusion of BeWo cells (Kudo et al., 2003a).
Downregulation of syncytin expression by hypoxia may
explain the findings of Lee et al. (2001) that syncytin
expression was very low in placentas of preeclamptic
pregnancies. It is also our experience from cell culture as
well as from evaluation of villous histology that severe
degrees of hypoxia completely block syncytial fusion. By
contrast, in moderate hypoxia the negative effect of
hypoxia may be overridden by the increased availability
of cytotrophoblast that is ready to fuse. Cytokines, which
were reported to control syncytial fusion, include EGF,
which stimulates fusion, and TGF-f3, which inhibits fusion
(for review, see Morrish et al., 1998). On the other hand,
in various tissues, hypoxia increases the expression of
TGF-B (Patel et al., 1994), an effect that should again
result in inhibitory effects of low oxygen on syncytial
fusion.

Recently, Bukovsky and coworkers (2003a,b) have pre-
sented new data, which may add to our understanding of
the regulation of trophoblast turnover. When studying
the expression of estrogen receptors in the human pla-
centa, these authors found that villous cytotrophoblast
expresses estrogen receptor o. Upon syncytial fusion in
vivo and in vitro, the expression switched to estrogen
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receptor B (Bukovsky et al., 2003a). These data suggest
that also estrogens may be involved in proliferation and
differentiation of villous trophoblast.

The Impact of Trophoblast Turnover on
Syncytiotrophoblast Specialization

The structurally and functionally specialized areas of syn-
cytiotrophoblast described above very unlikely are stable
structures. Rather, the comparison of these subtypes of
syncytiotrophoblast with the events that take place during
trophoblast apoptosis and turnover leads us to suspect
that they are an expression of a highly dynamic process
of differentiation and degeneration.

Taken together, the data lead us to suggest the follow-
ing cycle of structural and functional changes within in
the villous trophoblastic cover (Fig. 6.21):

e Upon syncytial fusion, syncytiotrophoblast with well-
developed rough endoplasmic reticulum, focused on
protein metabolism, is generated.

e Within days to a very few weeks, due to missing tran-
scription activity of the syncytial nuclei, the ribosomes
are lost and the respective area is transformed into
syncytiotrophoblast with smooth endoplasmic reticu-
lum and tubular mitochondria, focused on steroid
metabolism.

* Asaconsequence of progressive apoptotic degradation
of the syncytiotrophoblastic cytoskeleton, the aging
nuclei are focally aggregated, forming apoptotic knots,
which shortly are pinched off from the syncytial surface
and are deported into the maternal circulation. The
sorting process, which on the one side accumulates the
syncytial nuclei and on the other side generates enucle-
ated, thin layers of syncytiotrophoblast, is probably
driven by pressure of the underlying fetal capillaries
and sinusoids.

e After aggregation and extrusion of the nuclei result
enucleated areas of syncytiotrophoblast, which mostly
span over (1) fetal sinusoids (vasculosyncytial mem-
branes, specialized in diffusional exchange) or (2)
undifferentiated cytotrophoblast in Gy-stage (syncytial
lamellae covering cytotrophoblast, possibly specialized
in steroid metabolism).

e Formation of the latter structures should be investi-
gated as a signal for the cytotrophoblast to enter the
cell cycle, later to differentiate and to fuse.

e By syncytial fusion, the vasculosyncytial membranes
and the lamellae covering cytotrophoblast are again
equipped with new syncytial nuclei, cell organelles, and
RNA so that the turnover cycle can start anew.

As discussed before, the length of such a cycle is esti-
mated to last 3 to 4 weeks.

Also throughout the first 4 months of pregnancy, when
the respective syncytiotrophoblast specialization is not
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demonstrable, similar turnover processes take place
within the villous trophoblast (for review, see Huppertz
et al., 2002). They are possibly less impressive due to (1)
much higher relative numbers of villous cytotrophoblast,
(2) higher turnover rates, and (3) reduced villous capil-
larization as the speculated driving force for nuclear
sorting of the differentiation processes within the syncy-
tiotrophoblast, and thus escape electron microscopical
and histochemical detection.

Trophoblastic Basement Membrane

The trophoblastic basement membrane separates the tro-
phoblastic epithelium from the villous stroma. It forms a
supportive matrix for the cytotrophoblast and, where the
latter is lacking, for the syncytiotrophoblast (see Figs. 6.1
and 6.4A). Under normal conditions, the average thick-
ness of the trophoblast basement membrane ranges from
20 to 50nm. Polarization optical methods as well as fluo-
rescence microscopy by Scheuner (1972, 1975), Scheuner
and Hutschenreiter (1972, 1977), and Pfister et al. (1989)
have provided basic information about the structural
organization and fiber orientation.

The main components of basement membranes of
other origin, namely collagen IV, laminin, and heparan
sulfate, are also expressed in the basement membrane of
the trophoblast (Ohno et al., 1986; Autio-Harmainen et
al., 1991; Castellucci et al., 1993a,b). In addition, fibronec-
tin was shown to be present (Virtanen et al., 1988). This
molecule has binding sites for various collagens and pro-
teoglycans (Bray, 1978; Duance & Bailey, 1983) and is
thought to attach the basal lamina to the connective
tissue fibers beneath. Recent analyses of laminin and
fibronectin isoforms suggest that the molecular composi-
tion changes during maturation of villous trophoblastic
and endothelial basement membranes; these changes are
particularly obvious in areas of trophoblast proliferation
and villous sprouting (Korhonen & Virtanen,2001). Using
lectin histochemistry, Sgambati and coworkers (2002)
have added data on oligosaccharide distribution of gly-
coconjugates with the basal lamina.

Functionally, the basement membrane acts as a support
for the trophoblastic epithelium and allows a certain
amount of movement. Matrix proteins, such as tenascin,
which counteracts the action of fibronectin (Aufderheide
& Ekblom, 1988), can possibly unlock the attachment of
cytotrophoblast cells. This effect could enable postmitotic
Langhans’ cells to migrate along the basal lamina to those
places where they are needed for syncytial fusion. Accord-
ingly, tenascin is regularly expressed in sites of Langhans’
cell mitosis and degenerative syncytiotrophoblastic foci
(Castellucci et al., 1991).

Another important function of the basal lamina is
to act as a filtration barrier between maternal and fetal
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circulations. Calcification of the villous trophoblastic
basal lamina, a regular finding in intrauterine fetal death,
but a rare one with living fetuses (Roberts et al., 2000;
Kasznica & Petcu, 2003), may be a hint in this direction.
Whether the trophoblastic basal lamina plays a role as a
molecular sieve limiting transepithelial (transplacental)
transport, as reported for the glomerular basal lamina,
remains to be studied.

Connective Tissue

The basic architecture of the villous stroma is constructed
of fixed connective tissue cells that form a network; they
enmesh connective tissue fibers, and free connective
tissue cells (Hotbauer cells) and fetal vessels. Depending
on the age of the placenta, on the type of villus, and on
the position within the villus, at least five different types
of fixed stromal cells have been described (see Fig. 6.26)
(Boyd & Hamilton, 1967; Kaufmann et al., 1977b; Castel-
lIucci et al., 1980; Castellucci & Kaufmann, 1982a; Mar-
tinoli et al., 1984; King, 1987). According to more recent
immunohistochemical analyses they represent different
stages of a differentiation gradient, ranging from indiffer-
ent, proliferating mesenchymal cells (pluripotent stem
cells) up to highly differentiated myofibroblasts and
possibly even myocytes (Kohnen et al., 1995, 1996; Demir
et al., 1997).

Mesenchymal Cells (V Cells)

Mesenchymal cells, or undifferentiated stromal cells, are
the prevailing cell type until the end of the second month
(Kaufmann et al., 1977b; Martinoli et al., 1984). At all
later stages of pregnancy, they are found only in newly
formed villi, the mesenchymal villi, and beneath the tro-
phoblastic surface of immature intermediate and stem
villi (Kohnen et al., 1996; Demir et al., 1997).

Structure: They are usually small (10-20pm long and
3—4um wide), spindle-shaped cells with little cytoplasm,
which are connected to each other by a few thin, long
processes. Polyribosomes are the prevailing organelles.
Mitotic mesenchymal cells may have much more cyto-
plasm and form nearly epithelioid cells (see Chapter 7,
Fig. 7.14). As cytoskeletal filaments, they usually express
only vimentin, but not desmin, sm-actins, or sm-myosin,
and are therefore also called V cells (Kohnen et al.,
1996).

Distribution: In the early stages of pregnancy, these
cells make up most of the mesenchymal stroma, which is
the primitive forerunner of all other stromal types.
Throughout all the later stages of pregnancy, these cells
persist in two different locations: first, within mesenchy-
mal villi, the first stages of newly sprouting villi; second,
as a small proliferating subset of connective tissue cells
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beneath the trophoblastic surface of large caliber villi
(see Fig. 6.26) (Kohnen et al., 1996; Demir et al., 1997).

Fibroblasts (VD Cells and VDA Cells)

The differentiation of this cell type is closely linked to the
development of a new villous type, the immature inter-
mediate villi (see Chapter 7) at the beginning of the third
month p.m. At this time, dramatic changes in stromal
architecture and cellular composition of villi take place
(Kaufmann et al., 1977b; Martinoli et al., 1984). King
(1987) reported similar changes for the rhesus monkey
placenta.

Structure: Within a few days, starting in the centers of
the villi and then slowly spreading toward the villous
surface, most of the mesenchymal cells (V cells) acquire
desmin as the second cytoskeletal filament and hence-
forth are characterized as VD cells (Kohnen et al., 1995,
1996). Structurally, these cells are very heterogeneous
and occasionally have been called reticulum cells
(Kaufmann et al., 1977b) or fibroblasts (King, 1987) (Figs.
6.24 and 6.25). The newly formed fibroblasts (VD cells)
have elongated, bizarre-shaped cell bodies that measure
about 20 to 30um in length. From the cell bodies, several
long, thin, branching cytoplasmic processes take off.

FIGURE 6.24. Transmission electron micrograph shows the
typical variety of connective tissue cells in a mature intermedi-
ate villus at the 36th week p.m. Small reticulum cells (S) with
long, slender, richly branched cytoplasmic extensions, a large
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Serial sections studied by transmission electron micro-
scopy and scanning electron microscopy of immature
intermediate villi revealed that the processes are flat sails
of cytoplasm (Kaufmann et al., 1977b; Castellucci &
Kaufmann, 1982a; Martinoli et al., 1984). They branch in
a cone-like pattern, the apex of the cone pointing to the
cell body. In sections, these extensions form nets by estab-
lishing contacts to the extensions of neighboring cells
(see Fig. 7.4C).

In later stages of pregnancy and close to the centrally
located fetal stem vessels, these cells additionally may
acquire o-sm actin as a third cytoskeletal filament (VDA
cells), without change in their body shape (Fig. 6.26). This
is interpreted as a first step toward differentiation
of myofibroblasts (Kohnen et al., 1996) (see following
discussion).

Distribution: In three-dimensional preparations of
immature intermediate villi, the sail-like processes of
several VD cells in series make up longitudinally oriented
stromal channels. In cross sections, the latter appear as
rounded compartments or chambers 20 to 50 um in diam-
eter (see Figs. 7.2 and 7.7). Fetal vessels and the connec-
tive tissue fibers are fitted into the spaces between the
channels, as well as between channels and trophoblastic
basement membrane. This reticular structure has been

reticulum cell (below), and a macrophage (Hofbauer cell, H)
are seemingly scattered irregularly among loosely arranged
connective tissue fibers. x2500. (Source: Kaufmann et al., 1977a,
with permission.)
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Ficure 6.25. Electron micrograph of fibroblast with sparse cytoplasm and short but richly branched cytoplasmic extensions, sur-

rounded by bundles of collagen fibers. x9300.

describedin detail by Castellucci and Kaufmann (1982a,b),
Castellucci et al. (1984), and Martinoli et al. (1984). It is
highly characteristic only for the immature intermediate
villi.

In mature intermediate and terminal villi (see Chapter
7) a structurally different subgroup of fibroblasts
(VD cells) is found. Fewer and filiform processes but
abundant perinuclear cytoplasm characterizes these cells
(Fig. 6.24). They do not delimit stromal channels; rather,
they are enmeshed in a loose mixture of connective tissue
fibers.

Myofibroblasts (VDAG Cells and
VDAGM Cells)

A third group of connective tissue cells that are structur-
ally and immunohistochemically different from mesen-
chymal cells and fibroblasts characterizes the central
parts of immature intermediate villi as well as stem villi
(Fig. 6.26). They gradually differentiate out of VDA cells
so that clear-cut borders among both populations are not
always visible.

Structure: The cells have much cytoplasm and are 30 to
100 pum long but only 5 to 8um wide. In contrast to the
fibroblasts, they have only a few short, filiform, or thick
processes. The cytoplasm is rich in rough endoplasmic

reticulum, stress fibers, cytoplasmic dense plaques, and
caveolae. Locally, the cell body is surrounded by a basal
lamina (Demir et al., 1992; Kohnen et al., 1996). These
cells obviously correspond to the extravascular contrac-
tile cells described in large stem villi by Spanner (1935)
as well as Krantz and Parker (1963) and in anchoring
villi by Farley et al. (2004). Feller et al. (1985) provided
histochemical evidence that these were positive for
dipeptidyl-peptidase IV; the isoenzyme pattern of this
enzyme is identical with that of myofibroblasts of other
origin.

Immunohistochemical analysis of the cytoskeleton of
the villous stromal cells (Kohnen et al., 1995, 1996; Demir
et al., 1997) revealed a differentiation gradient even
within these cells. Those neighboring the VDA cells
expressed y-sm actin in addition to vimentin, desmin, and
o-sm actin (VDAG cells) (Fig. 6.26). Those directly facing
the media of the central stem vessels additionally partly
showed expression of sm-myosin (VDAGM cells).

Distribution: These same authors demonstrated
advancing differentiation of mesenchymal cells via fibro-
blasts to myofibroblasts (1) from early to later stages of
pregnancy, (2) from mesenchymal to stem villi, and (3)
from the subtrophoblastic stromal layer to the perivascu-
lar stroma (Fig. 6.26). In immature intermediate and stem
villi, all stages of differentiation arranged from the
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FiGUre 6.26. Representation of stromal differentiation in a
stem villus, illustrating the usual differentiation route of villous
stromal cells from proliferating mesenchymal precursors to
myofibroblasts. A thin subtrophoblastic layer of proliferating
mesenchymal cells (V cells) represent the stem cells for the
entire extravascular stroma. By proliferation, these cells gener-
ate new peripheral layers of stroma and thus contribute to the
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growing thickness of the villus. More centrally, older and higher
differentiated layers of connective tissue cells can be found.V,
vimentin; D, desmin; A, a-smooth muscle actin; G, y-smooth
muscle actin; M, smooth muscle myosin. At the bottom, the
occurrence of the same stromal cells in other villous types is
summarized. (Source: Modified from Kohnen et al., 1996, with
permission.)
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periphery to the center can be observed. The most periph-
eral, proliferating cells express only vimentin. Slightly
more centrally, a layer of cells with the typical shape of
fibroblasts, expressing vimentin, o-smooth muscle actin,
and desmin, follows. Near the larger vessels, typical myo-
fibroblasts can be seen that express the full range of
cytoskeletal antigens and closely resemble smooth muscle
cells. The existence of this centripetal differentiation gra-
dient was supported by Kacemi et al. (1999) using a
similar panel of immunohistochemical markers.

Function: In contrast to the vascular smooth muscle
cells of the central villous stem vessels, the surrounding
myofibroblasts are arranged parallel to the longitudinal
axis of the villi (Demir et al., 1997). In large stem villi they
form a clearly defined perivascular contractile sheath that
has been discussed in detail by Graf et al. (1994, 1995). It
has been suggested that the contraction of extravascular
contractile cells is important for the turgor of the villi
(Krantz & Parker, 1963; Graf et al., 1995). Moreover,
contraction of longitudinally arranged myofibroblasts
within anchoring villi may influence the length of anchor-
ing villi and the width of the intervillous space, thus regu-
lating maternal intravillous blood pressure (Kohnen et
al., 1996; Demir et al., 1997). Recently, Farley et al. (2004)
have supported this hypothesis. They showed that treat-
ment of isolated anchoring villi with KCl and - NAME
resulted in longitudinal contraction up to 62% and 74 %,
respectively, over resting tone. Some of the myofibro-
blasts are positive for nitric oxide synthase
(NOS)(Schonfelder et al., 1993), an enzyme that is
involved in production of nitric oxide, a potent vasodila-
tor; NOS inhibition in guinea pigs and rats has been
shown to result in preeclamptic symptoms, including
intrauterine growth retardation (Yallampalli & Garfield,
1993; Chwalisz et al., 1994; Garfield et al., 1994).

Several authors have described immunoreactivities for cytokeratins 6,
8, 17, 18, and 19 in contractile cells (myocytes and myofibroblasts)
of placental and embryonic origin (Kasper et al., 1988; Bozhok et al.,
1990; Nanaev et al., 1997; Haigh et al., 1999). According to our
experience, such cells are particularly frequent in and around vessel
walls of large-caliber villi. It is still an open question whether or not all
contractile stromal cells coexpress these cytokeratin isoforms, or whether
an additional subpopulation of cytokeratin-expressing stromal cells
hides among the contractile cells in and around the stem vessels (Haigh
et al., 1999). In any case, special care is advisable when using cyto-
keratin antibodies as a marker for the trophoblastic origin of cells iso-
lated from placental villi.

Matrix Components of the Villous Stroma

Database mining revealed 102 extracellular matrix genes
among about 10,000 mRNA species expressed in the
human placenta (Chen & Aplin, 2003). Out of these, 23
coded for collagens, 59 for noncollagenous glycoproteins,
and 23 for proteoglycans.

6. Basic Structure of the Villous Trees

Extracellular matrix proteins represent the prevailing
matrix molecules. Different types of collagens have been
identified in the core of the placental villi by immunohis-
tochemistry, for example, collagen I, III, IV, and VI
(Amenta et al., 1986; Autio-Harmainen et al., 1991;
Nanaev et al., 1991; Rukosuev, 1992; Castellucci et al.,
1993a,b; Frank et al., 1994). In addition, some fibronectin
isoforms, tenascin C, fibrillin I, and thrombospondin I,
have been detected in the villous stroma (Pfister et al.,
1988; Virtanen et al., 1988; Earl et al., 1990; Autio-
Harmainen et al., 1991; Castellucci et al., 1991, 1993a,b;
Rukosuev, 1992; Frank et al., 1994; Miihlhauser et al.,
1996; Chen & Aplin, 2003).

In human placental villi, different from most other
organs, molecules such as laminin, collagen IV, and
heparan sulfate are not restricted to the basement mem-
branes but are also present throughout the villous stroma
or at least in specialized areas of the latter (Yamada
et al., 1987; Nanaev et al., 1991; Rukosuev, 1992; Miihl-
hauser et al., 1996; Chen & Aplin, 2003). The universal
presence of these molecules in the extracellular matrix
may facilitate remodeling of basement membranes and
thus increase morphogenetic and functional flexibility of
the various villous cell populations.

Ultrastructural data concerning reticular (precollagen)
and collagen fibers have been reported (Enders & King,
1970; Vacek, 1970; Kaufmann et al., 1977b). Precollagen
or reticular fibers have a diameter of S5Snm or less. They
form seemingly unoriented meshworks without predomi-
nant fiber direction. In mesenchymal connective tissue,
they are the prevailing fiber type.

The thicker collagen fibers have diameters of 20 to
60nm. They show the typical 64.9-nm cross-striation.
Usually, grouped in twisted bundles of about 100 parallel
fibers, they are arranged as a coarse meshwork, running
in spiral courses around the fetal vessels (Kaufmann
et al., 1977b). The amount of collagenous fibers increases
from mesenchymal stroma, via reticular sinusoidal to
fibrous stroma (see Figs. 7.3C and 7.7D). Histologically,
collagen fibers stain with the usual connective tissue
stains and reticular fibers do not.

Proteoglycans are less well studied. Decorin, a small
leucine-rich proteoglycan that seems to have a primary
function in the organization of the extracellular matrix
(Hardingham & Fosang, 1992), has also been detected in
the villous stroma (Bianco et al., 1990). Interestingly, the
core protein of decorin (whose synthesis is induced by
TGF-B) binds and neutralizes TGF-$ (Yamaguchi et al.,
1990).

Hyaluronan is a high molecular mass polysaccharide
that plays a particular role in developmental processes
involving cell motility (for review, see Marzioni et al.,
2001). In accordance with this view, hyaluronan expres-
sion is particularly impressive in newly developing villi
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(so-called mesenchymal villi, cf. Chapter 7). By contrast,
fully developed villi in early stages of pregnancy and all
villi in later pregnancy are characterized by moderate
hyaluronan content (Marzioni et al., 2001). Interestingly,
CD44, the hyaluronan receptor of cells exposed to the
extracellular matrix of the villous stroma, shows increas-
ing activity throughout pregnancy (Marzioni et al.,
2001).

Matrix-degrading proteolytic enzymes (matrix metal-
loproteinases) are likely to be involved in remodeling of
the villous stroma during placental development. It has
been shown that the trophoblast expresses interstitial and
type IV collagenolytic activities (Emonard et al., 1990;
Moll & Lane, 1990; Librach et al., 1991), and the former
has been detected in villous fibroblasts (Moll & Lane,
1990). Autio-Harmainen et al. (1992) detected 70-kd type
IV collagenase in endothelial cells and fibroblasts of the
villi. Moreover, the exclusive expression of tissue inhibi-
tors of matrix metalloproteinases in the stroma of mes-
enchymal villi, just those villous types that are most active
in villous sprouting and branching, points to the impor-
tance of matrix turnover for villous development.

Stromal fibrosis and thickening of basal laminas are
considered typical features in many pregnancy patholo-
gies and are often referred to as consequence of hypoxic
or ischemic conditions. For review, see Fox (1997). Based
on his own experience, Fox, however, has refuted this
hypothesis and arrived at the conclusion that oxygen
supply that is better than normal increases villous fibrosis
(e.g., following intrauterine fetal death). Recent in vitro
culture data by Chen and Aplin (2003) suggest a more
differentiated reaction pattern that well may explain the
above-mentioned discrepancies in the literature. Expres-
sion of fibronectins and collagen IV is more strongly
upregulated by hypoxia than is expression of collagen I,
fibrillin I, and thrombospondin I, whereas expression of
laminins and elastin under hypoxia was extremely low.

There is increasing use of extracellular matrix mole-
cules for in vitro studies of the trophoblast. Such mole-
cules influence trophoblast differentiation (Kao et al.,
1988; Nelson et al., 1990); they can play a pivotal role in
repair mechanisms (Nelson et al., 1990), may participate
in modulating hormone and protein production (Castel-
lucci et al., 1990a), and can influence the morphology and
proteolytic activity of the trophoblast (Kliman &
Feinberg, 1990; Bischof et al., 1991).

Hofbauer Cells (Villous Macrophages)

It is generally agreed that Hofbauer cells are fetal tissue
macrophages of the human placenta. Statements con-
cerning their macrophage character are based on mor-
phologic, cytochemical, histochemical, immunologic, and
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immunohistochemical studies (for reviews, see Bourne,
1962; Boyd & Hamilton, 1970; Castellucci & Zaccheo,
1989; Castellucci et al., 1990b; Vince & Johnson, 1996).
Here, we review the main aspects of these cells.

First Descriptions

From the middle of the 19th century, several authors have
reported the presence of large cells in the stroma of
chorionic villi of the human placenta (Miiller, 1847;
Schroeder van der Kolk, 1851; Virchow, 1863, 1871;
Langhans, 1877; Merttens, 1894; Ulesko-Stroganova, 1896;
Marchand, 1898). Kastschenko (1885) first described
their precise location in the villous stroma. Virchow
(1871), and later Chaletzky (1891) and Neumann (1897),
first commented on the particular association of hydatidi-
form mole with large isolated cells, having clear cyto-
plasm.Thisobservationledtothe term Chaletzky-Neumann
cells, used in the past by several pathologists. Hofbauer,
whose name has come to be associated with these cells,
gave a comprehensive description of the cells in normal
villi at the beginning of the 20th century (1903, 1905). It
is because of these detailed morphologic studies and
because of the long-lasting uncertainties about the mac-
rophage nature of these cells that the term Hofbauer cell
has been widely accepted in the literature.

Morphology

Hofbauer cells were described as frequent, pleomorphic
cells of the villous stroma (Fig. 6.28) with round, fusiform,
or stellate appearance (Langhans, 1877; Hofbauer, 1903,
1905; Schmidt, 1956; for a review, see Bourne, 1962). Their
size depends on the length of their processes. The cells
vary from 10 to 30pum in diameter. Early investigations
had already pointed out that the most striking aspects of
the Hofbauer cells are their highly vacuolated appear-
ance and their granulated cytoplasm (Virchow, 1863,
1871; Langhans, 1877; Minot, 1889; Merttens, 1894;
Hofbauer, 1903, 1905; Graf Spee, 1915; Meyer, 1919;
Lewis, 1924). Later studies have pointed out that these
cells are characterized by numerous membrane-bound,
electron-lucent vacuoles of different sizes, possessing
amorphous material of varying density, dense granules
(presumably lysosomes), and short profiles of endoplas-
mic reticulum (Fig. 6.28A,B; see Fig. 7.7B,D) (Hormann,
1947; Boyd & Hughes, 1955; Rodway & Marsh, 1956;
Geller, 1957; Bargmann & Knoop, 1959; Rhodin & Terza-
kis, 1962; Panigel & Anh, 1964; Boyd & Hamilton, 1967;
Fox, 1967a, 1997; Wynn, 1967a,b, 1973, 1975; Enders &
King, 1970; Tedde, 1970; Vacek, 1970; Demir & Erbengi,
1984; King, 1987; Katabuchi et al., 1989; for reviews, see
Snoeck, 1958; Bourne, 1962; Boyd & Hamilton, 1970; Cas-
tellucci & Zaccheo, 1989).
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Different phenotypes of Hofbauer cells have been
described (Fig. 6.27):

e Enders and King (1970) pointed out that vacuolated
Hofbauer cells showing large intracytoplasmic vacu-
oles, containing varying amounts of flocculent precipi-
tate, are numerous, and large during the first half of
pregnancy (Fig. 6.28A.B; see Fig. 7.7B).

e As pregnancy progresses, the vacuoles decrease in
number and size, and the Hofbauer cells show an
increase of intracytoplasmic granules (Figs. 7.7D and
7.11) that are presumably lysosomes (Enders & King,
1970; Castellucci et al., 1980). This granulated type of
Hofbauer cell can easily be differentiated from the rare
mast cells (Fig. 6.28C) because of the metachromasia
of the latter.

e Hofbauer cells largely lacking vacuoles and granules
are present during early pregnancy and have been con-
sidered immature Hofbauer cells (Castellucci et al.,
1987; Katabuchi et al., 1989). Immunohistochemical
studies using macrophage markers, however, have
revealed many such undifferentiated Hofbauer cells
also in all mature placental villi. This finding is in agree-

FI1GURE 6.27. Cross section of a transitional stage from mesen-
chymal to immature intermediate villus at the end of the first
trimester immunostained with the antibody leu-M3 (anti-
CD14), a marker of macrophages. Both the distribution pattern
of immunoreactivities and the gradually increasing staining
intensities from fibroblast-like phenotypes to macrophage-like
phenotypes suggest that fibroblast-like stromal cells may achieve
macrophage character. x170.
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ment with immunologic investigations, which consider
the vacuolated Hofbauer cells to be the morphologi-
cally obvious and fully differentiated member of a
much larger mononuclear phagocyte population
(Wood, 1980; Frauli & Ludwig, 1987a).

The first three-dimensional visualization of Hofbauer
cells, their intracytoplasmic vacuoles, surface aspects, and
relationship with other components of the villous core
(see Fig. 7.7C) was made possible by combining the
cryofracture method with scanning electron microscopy
(SEM) (Castellucci et al., 1980; Martinoli et al., 1984). The
surface morphology of Hofbauer cells was found to be
characterized by spherical or elongated blebs or micro-
plicae (see Fig. 7.7C). These features were irregularly
distributed. Other Hofbauer cells showed a ruffled
surface, characterized by lamellipodia, which were large,
smooth surfaced, and well developed. They sometimes
overlapped one another, creating cups or funnel-like
structures. Sometimes, Hofbauer cells bearing both lamel-
lipodia and blebs were observed (Castellucci et al., 1980,
1984; Martinoli et al., 1984).

In addition, SEM of chorionic villous stroma during the
first half of pregnancy revealed that most of the Hofbauer
cells were inside collagen-free intercommunicating
stromal channels (see Fig. 7.7C) composed of large sail-
like processes of fixed stromal cells (Castellucci et al.,
1980, 1984; Castellucci & Kaufmann, 1982a). These chan-
nels were particularly well developed in the central region
of the core of the chorionic villi and were oriented mostly
parallel to the major axis of the villus. Some Hofbauer
cells inside the channels had an elongated shape and
extended their cellular bodies between intercommunicat-
ing channels or between channels and intercellular sub-
stance outside the channels (Castellucci et al., 1980, 1984).
These morphologic features strongly suggest motility of
Hofbauer cells in the villous core.

The channels characterized most of the chorionic villi
of the first half of pregnancy (Fig. 6.28A,B; see Fig.
7.7B,C). Toward term, their number was decreased. In the
mature placenta, they were found only in villi at the
center of the placentones (Fig. 7.7D) (Schuhmann, 1981;
Castellucci & Kaufmann, 1982a,b; Castellucci et al.,
1990c). During the last trimester of gestation, Hofbauer
cells present in villi outside the placentone centers, that
is, villi characterized by a core with large amounts of
collagen fibers and narrow or absent channels, showed
mostly blebs or microplicae at their surface, but rarely
lamellipodia (Fig. 6.24; see Fig. 7.11) (Castellucci &
Kaufmann, 1982a; Martinoli et al., 1984).

The morphologic features provided the basis for the
first functional interpretations:

e The intracytoplasmic vacuoles and large lamellipodia
of the Hofbauer cells have been considered phagocytic
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FiGcurE 6.28. A:Transmission electron micrograph:
sail-like cytoplasmic processes (arrows) of the
small reticulum cells line channel-like stromal
cavities within immature intermediate villi. They
are filled with some fluid, but are devoid of con-
nective tissue fibers. The latter can only be found
in the vicinity of the channels. Suspended in the
fluid of the channels, one finds the macrophages
(Hofbauer cells, H). x5300. B: Light microscopic,
semithin section of reticular stroma of an imma-
ture intermediate villus from the 12th week p.m.,
showing two Hofbauer cells. Both are located in
longitudinally sectioned stromal channels, delim-
ited by long, thin cytoplasmic extensions of fixed
stromal cells. The left Hofbauer cell belongs to the
highly vacuolated type that prevails in early preg-
nancy. The right cell shows fewer vacuoles and is
characterized by its rounded appearance and by
numerous bleb-like protrusions on its surface. This
cell is in mitosis. x1000. C: Transmission electron
micrograph. As a second type of free connective
tissue cells, mast cells are observed in villous
tissues. Their prevailing location is in the vicinity
of larger fetal vessels of stem villi. This cell type is
easily identified by its typical secretory granules.
%16,000.

cells involved in the reduction of fetal serum proteins

contained in the villous stroma and in the water balance
of the early placenta. This function is also likely because
the placenta lacks a lymphatic system to return pro-
teins from the interstitial space to the blood vascular
system (Enders & King, 1970). Closely related to these
concepts is the presence of stromal channels that could
allow relatively easy movement of Hofbauer cells along
the villous cores of chorionic villi and thus function as
a substitute for the lymphatic system (Enders & King,
1970; Castellucci & Kaufmann, 1982a). It must be con-
sidered, however, that the motility of Hofbauer cells is
hindered, at least in part, in the villi during the last tri-
mester. Here, the stromal channels are mostly narrow
or absent (see Figs. 6.24 and 7.11). It is therefore con-
ceivable that the Hofbauer cells assume additional
tasks in these villi (Martinoli et al., 1984).
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e Moreover, the motility of Hofbauer cells inside the

stromal channels might allow these macrophages
to exert their role in maintaining host defense
(Castellucci et al., 1980; Wood, 1980).

Last but not least, Hofbauer cells are thought to control
villous development by (1) remodeling of the villous
core by stimulating or inhibiting the proliferation of
other mesenchymal cells (Castellucci et al., 1980;
Martinoli et al., 1984; King, 1987), (2) controlling villous
angiogenesis by secreting angiogenetic cytokines (see
Chapter 7), and (3) controlling trophoblast turnover by
inducing trophoblast apoptosis and syncytial fusion
(see earlier in this chapter).

Several authors have speculated on questionable endo-
crine activities of Hofbauer cells (Acconci, 1925;
Pescetto, 1952; Rodway & Marsh, 1956). Prosdocimi
(1953) suggested hCG synthesis by these cells, and
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we detected hCG immunohistochemically within
Hofbauer cells (Kaufmann & Stark, 1973); however, it
was unlikely that this glycoprotein was synthesized in
the cells but, rather, that it was phagocytosed from the
surrounding environment. Still, the regular presence of
hCG proves to be a useful marker for villous macro-
phages (Frauli & Ludwig, 1987b); on the other hand,
phagocytic activity must be considered when inter-
preting immunohistochemical findings concerning the
presence of proteins in these macrophages, such as hor-
mones and placental proteins.

Occurrence and Distribution

Some initial reports of Hofbauer cells described them to
be present in villi that had undergone hydatid degenera-
tion (Virchow, 1871; Chaletzky, 1891; Neumann, 1897);
however, for 100 years it has been established that these
cells are present in both normal and pathologic condi-
tions (Hofbauer, 1903, 1905, 1925; Graf Spee, 1915; Lewis,
1924; for reviews, see Bourne, 1962; Boyd & Hamilton,
1970; Becker & Rockelein, 1989; Fox, 1997).

Hofbauer cells are first seen in placental villi on day 18
p.c. (Boyd & Hamilton, 1970). In normal pregnancies,
they are always present in the villi of immature placentas
(Fig. 7.7B,C). It has been claimed that, in placentas from
uncomplicated pregnancies, Hofbauer cells either disap-
pear or become scanty after the 4th to Sth month of gesta-
tion (see Fox, 1967a, 1997). Geller (1957), Bleyl (1962),
Fox (1967a), and several electron microscopy studies
have demonstrated, however, that Hofbauer cells are
present until term, and not only in immature villi of the
center of the placentone (compare Figs. 7.7D and 7.11).
The apparent reduction in number as pregnancy pro-
gresses occurs because they are compressed and masked
by the condensation of the villous stroma (see Fig. 7.11)
during placental maturation (Fox, 1967a). This view is
supported by Bleyl (1962), who found many Hofbauer
cells in villi in which edema is produced by postpartum
saline perfusion through the umbilical artery. In normal
term placentas, Hofbauer cells can easily be recognized
by structural means only in immature intermediate
villi. Immunohistochemistry using macrophage markers,
however, reveals that a high percentage if not the major-
ity of stromal cells in term placental villi has macrophage
character (Fig. 6.28) and thus belongs to the Hofbauer
cells.

They are more easily identifiable in many cases of preg-
nancy pathologies, for example, in placentas from delayed
villous maturation, in prematurely delivered placentas,
and in cases of maternal diabetes (Horky, 1964; Fox,
1967a, 1997), as well as in rhesus incompatibility
(Hormann, 1947; Thomsen & Berle, 1960; De Cecco et al.,
1963; for review, see Fox, 1997). Fox (1967a,1997) empha-
sized that villous edema, occurring in the two latter
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pathologic conditions by the distention of the villous
stroma, can unmask numerous Hofbauer cells.
Hofbauer cells have also been described in placental
membranes, in both amnion and chorion laeve (Meyer,
1919; Bautzmann & Schroder, 1955; Schmidt, 1956;
Bourne, 1962; for review, see Boyd & Hamilton, 1970).

Origin

The origin of Hofbauer cells has received much attention,
starting with the first descriptions (for historical details
and reviews, see Geller, 1957; Snoeck, 1958; Bourne, 1962;
Wynn, 1967a; Boyd & Hamilton, 1970; Vacek, 1970;
Schiebler & Kaufmann, 1981). Numerous theories have
been abandoned. These include those proposed by Cha-
letzky (1891), who derived them from cells of maternal
decidua; those by Neumann (1897), who considered them
to be derivatives of the syncytium and an expression of
malignancy; and those by ten Berge (1922), who supposed
them to be derivatives of endothelial cells.

An important finding concerning the origin of
Hofbauer cells was Wynn’s (1967b) observation, based on
sex chromatin staining, that these are fetal cells. This
allows different interpretations:

® Most authors now consider Hofbauer cells to be of
chorionic mesenchymal origin. That means that these
cells gradually differentiate from the fixed stromal cells
of the villous core (Fox, 1967a; Wynn, 1967a; Vacek,
1970; Kaufmann et al., 1977b). Morphologic investi-
gations originally have questioned this concept
(Martinoli et al., 1984; King, 1987) because no transi-
tional forms between the two cell types have been
clearly recognized. There are, however, some observa-
tions in the placenta (Demir et al., 1989) and on mac-
rophages in other organs (Sorokin and Hoyt, 1987,
1992; Naito et al., 1989; Mebius et al., 1991; Sorokin
etal., 1992a,b), that require one to consider this concept
honestly. Hofbauer cells very likely originate from
mesenchymal cells during the early stages of
pregnancy, before the fetal circulation is established
(see Chapter 7, Fig. 7.22).

e Later, once fetal circulation is established, the
Hofbauer cells may additionally originate from fetal
bone marrow—derived monocytes, as macrophages in
other organs do (van Furth, 1982; Castellucci et al.,
1987). Indeed, Moskalewski et al. (1975) observed tran-
sitional forms between Hofbauer cells and monocytes.
Concerning this hypothesis, it must be emphasized that
human cord blood contains almost three times as many
monocytes at the end of pregnancy as does adult blood
(Khansari & Fudenberg, 1984; Santiago-Schwarz &
Fleit, 1988). These monocytes show subpopulations
with considerable functional heterogeneity (Khansari
& Fudenberg, 1984).
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e Finally, it has been proposed that Hofbauer cells may
have different origins throughout gestation and that
they may represent a heterogeneous group of cells
(Castellucci et al., 1987). These data related to in vivo
(Fig. 6.28B) and in vitro observations, stating that
Hofbauer cells can undergo mitotic division (Hotbauer,
1903; Hormann, 1947; Geller, 1957; Boyd & Hamilton,
1970; Castellucci et al., 1985, 1987; Frauli & Ludwig,
1987b). Mitosis of Hofbauer cells (Fig. 6.28B) may be
important for the permanent presence of cell subpopu-
lations with different origins and functions. In addition,
the mitotic activity suggests that they may be, in part,
an independent self-replicating population, allowing
rapid increase in number when required by the local
microenvironment (Castellucci et al., 1987).

Immunologic Aspects

Immunologic data indicate that Hofbauer cells are numer-
ous in the chorionic plate and in the villous stroma
throughout pregnancy (Wood, 1980; Goldstein et al.,
1988; Vince & Johnson, 1996). Studies on isolated
Hofbauer cells, as well as immunohistochemical investi-
gations, have provided data that have furthered our
knowledge concerning the immunologic role of this cell
population. Isolation of Hofbauer cells has usually
employed proteolytic enzymes (Moskalewski et al., 1975;
Wood et al., 1978a,b; Flynn et al., 1982; Loke et al., 1982;
Frauli & Ludwig, 1987a), a combination of enzymatic
digestion and density gradient centrifugation (Wilson et
al., 1983; Uren & Boyle, 1985; Sutton et al., 1989). Addi-
tionally, cell separation methods, based on mechanical
action with (Zaccheo et al., 1989) or without (Oliveira et
al., 1986) density gradient centrifugation have been used.
It has been demonstrated that Hofbauer cells possess
Fc receptors for immunoglobulin G (Moskalewski et al.,
1975;Wood et al., 1978a,b; Wood, 1980; Johnson & Brown,
1981; Loke et al., 1982; Zaccheo et al., 1982; Uren &
Boyle, 1985; Oliveira et al., 1986; Goldstein et al., 1988).

Three different subtypes of leukocyte Fc receptors
(FcR) have been identified on the basis of molecular
and chemical analysis as well as cloning of cDNA; FcRI
(CD64), FcRII (CD32), and FcRIII (CD16) (Stengelin
et al., 1988). The three subtypes are expressed on the
Hofbauer cells (Goldstein et al., 1988; Kristoffersen et al.,
1990; Kameda et al., 1991; Sedmak et al., 1991;
Wainwright & Holmes, 1993; Bright et al., 1994), and
these receptors have been postulated to serve a protec-
tive function by binding maternal antifetal antigen-
antibody complexes (Wood, 1980; Johnson & Brown,
1981; Goldstein et al., 1988).

C3b receptor (CR1[CD35]) activity has been shown on
isolated Hofbauer cells by only some authors (Wood,
1980; Loke et al., 1982; Oliveira et al., 1986). Others have
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failed to detect C3b receptors in human placental sec-
tions using either tissue hemabsorption techniques with
C3b-coated erythrocytes (Faulk et al., 1980), or monoclo-
nal antibodies against C3b receptor (Bulmer & Johnson,
1984; Goldstein et al., 1988). By application of monoclo-
nal antibodies on tissue sections, Goldstein et al. (1988)
demonstrated that receptors for the C3bi complement
component (CR3 [CD11b/CD18] and CR4 [CD1lc/
CD18]) are expressed by Hofbauer cells. Moreover,
Hofbauer cells are capable of immune and nonimmune
phagocytosis (Moskalewski et al., 1975; Wood, 1980; Loke
et al., 1982; Wilson et al., 1983; Uren & Boyle, 1985;
Oliveira et al., 1986; Zaccheo et al., 1989) and elimination
of exogenous antigen-antibody complexes (Wood &
King, 1982).

Hofbauer cells also show strong immunostaining
for the protease inhibitors oy-antitrypsin and oy-
antichymotrypsin (Braunhut et al., 1984; Castellucci et al.,
1994) suggesting that placental macrophages are involved
in villous remodeling and differentiation (Castellucci et
al., 1994). Braunhut et al. (1984) failed to demonstrate
lysozyme in the cells derived from term placentas when
using immunohistochemical methods. Zaccheo et al.
(1989) showed that Hofbauer cells from first trimester
placentas are capable of secreting lysozyme in vitro. It is
at present not clear whether these discrepant results are
due to the different techniques used or whether they
reflect a functional heterogeneity in lysozyme production
between Hofbauer cells from the first trimester and those
at term.

Hofbauer cells have been shown to bear Toll-like
receptors (TLRs) as TLR4 (Kumazaki et al., 2004). The
TLRs are essential for innate immune responses. Indeed,
the immune system can be broadly categorized into
innate immunity and adaptive immunity. The innate
immunity system provides a rapid nonspecific response
that acts as the first line of defense against pathogens.
Recent reports suggest that innate immune responses are
activated by TLRs that recognize certain molecular pat-
terns derived from pathogens and stimulate proinflam-
matory cytokine gene transcription (Aderem & Ulevitch,
2000; Akira et al.,2001). A protein family that is homolo-
gous to Toll has been identified in humans and termed
TLR (Rock et al., 1998; Aderem & Ulevitch, 2000). TLR4
has been genetically identified as a mediator of lipopoly-
saccharide (LPS)-induced signal transduction (Poltorak
et al., 1998). Effective TLR4 activation by LPS requires
the interaction of LPS with CD14 (see below) and the
accessory protein MD-2, which associates with surface
TLR4 molecules (Akira et al., 2001). TLR can also be
activated by other kinds of molecules such as heat shock
proteins (Ohashi et al., 2000) and cellular fibronectin
fragments (Okamura et al.,2001). Interestingly, Kumazaki
et al. (2004) showed an increased expression of TLR4 in
the villous Hofbauer cells of preterm chorioamnionitis,
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suggesting an important role of the villous Hofbauer cells
in the activation of innate immune responses.

It has been established that Hofbauer cells can express
class I and II major histocompatibility complex (MHC)
determinants (Bulmer & Johnson, 1984; Uren & Boyle,
1985; Sutton et al., 1986; Bulmer et al., 1988; Blaschitz et
al., 2001). Concerning the class II MHC determinants, it
is well known that they include at least three well-defined
subregions: DR, DP, and DQ. First trimester Hofbauer
cells are rarely DR- and DP-positive, and DQ antigens
are not expressed (Bulmer & Johnson, 1984; Sutton et al.,
1986; Bulmer et al., 1988; Goldstein et al., 1988; Lessin et
al., 1988; Zaccheo et al., 1989). It may be important that
DQ antigens, missing on first trimester cells, are restric-
tion elements for T-cell clones (Thorsby, 1984) and have
been implicated in the generation of cytotoxic cells (Corte
et al., 1982). Class I MHC antigens are acquired by
increasing numbers of placental macrophages from the
second trimester on (Edwards et al., 1985; Sutton et al.,
1986; Bulmer et al., 1988; Goldstein et al., 1988; Lessin et
al., 1988; for a review, see Vince and Johnson, 1996). In
term placental tissues, DR-positive villous stromal mac-
rophages are often observed within groups of closely
associated chorionic villi (Bulmer & Johnson, 1984;
Bulmer et al., 1988). On the other hand, DP and DQ
antigens are detected on a small number of Hofbauer
cells, mostly located in villi immediately adjacent to the
basal plate (Bulmer et al., 1988). In addition, such DP or
DQ antigens are not detected in the absence of DR anti-
gens on any placental macrophage (Bulmer et al., 1988).
The patchy expression of class II MHC antigens in cho-
rionic villi and the accumulation of DR-, DP-, and DQ-
positive cells at the villous decidual junction may indicate
areas of enhanced immune stimulation. Although clear
evidence is still lacking, these data, and particularly the
increasing expression of DR antigens as gestation pro-
ceeds, may represent acquisition of antigen-presenting
capacity by the Hofbauer cells to fetal lymphocytes. This
point may be relevant for fetal responses to transplacen-
tal infection.

Goldstein et al. (1988), Nakamura & Ohta (1990), and
Lairmore et al. (1993) have shown that Hofbauer cells
react strongly with antibodies to the CD4 antigen through-
out gestation. This cell-surface glycoprotein is thought to
interact with nonpolymorphic determinants of class II
MHC molecules (Lamarre et al., 1989). The antigen is
present on the T-helper subset of lymphocytes and has
been shown to be expressed weakly by blood monocytes,
some tissue macrophages, and dendritic cells (Wood et
al., 1983, 1985; Buckley et al., 1987). It also functions as
the membrane “receptor” for infection of cells by the
human immunodeficiency virus (HIV). Lewis et al. (1990)
have identified HI'V-1 antigen and nucleic acid by immu-
nohistochemical and in situ hybridization techniques in
Hofbauer cells of placentas from seropositive patients.
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This result has been confirmed in studies of HIV infec-
tion of cultured human placental cells where double
labeling has demonstrated that the HIV-positive cells are
macrophages and not trophoblast (McGann et al., 1994).
Thus, the Hofbauer cells could serve as the portal of entry
or reservoir for HIV in fetuses of HIV-positive women
(Lairmore et al., 1993). The CD4 antigen seems not to
be expressed on the surfaces of syncytiotrophoblast
(Cuthbert et al., 1992).

One of the most consistent immunohistologic markers
of Hofbauer cells throughout gestation is the monoclonal
antibody leu-M3 (Fig. 6.27) (Bulmer & Johnson, 1984;
Zaccheo et al., 1989). This antibody detects the CD14
monocyte differentiation antigen (Goyert et al., 1986),
which is a 55-kd glycoprotein, expressed primarily by
monocytes and macrophages (Goyert et al., 1988); it is
anchored to the cell membrane by a phosphatidylinositol
linkage (Haziot et al., 1988). Its restricted expression
on mature cells suggests an important effector function
(Goyert et al., 1988). In addition, it has been shown that
the gene encoding CD14 is located in a region of chromo-
some 5 (Goyert et al., 1988) known to encode several
growth factors or receptors, including interleukin-3 (IL-
3), granulocyte-macrophage colony-stimulating factor
(GM-CSF), CSF-1, CSF-1 receptor, and the platelet-
derived growth factor receptor. Thus, it has been sug-
gested that the CD14 antigen may also serve as some type
of growth factor receptor (Goyert et al., 1988; Ziegler-
Heitbrock, 1989), which could be involved in the regula-
tion of the activity of the Hofbauer cells related to the
process of villous morphogenesis (Castellucci et al., 1980;
Martinoli et al., 1984; King, 1987). CD14 has been found
to bind complexes of LPS and LPS-binding protein
(Wright et al., 1990). These data suggest that CD14 could
play an important role in infections. Some but not all
studies have shown that Hofbauer cells express the leu-
kocyte marker CD1 (as recognized by the monoclonal
antibody NA1/34), the expression of which is reduced as
gestation progresses (Bulmer & Johnson, 1984; Sutton
et al., 1986; Goldstein et al., 1988; for a review, see Vince
& Johnson, 1996).

Type I interferons (IFN-o, IFN-B) are molecules with
multiple biologic activities (reviewed by Russel & Pace,
1987); IFN-o. has been found (by immunohistochemical
methods) in Hofbauer cells (Howatson et al., 1988;
Bulmer et al., 1990); IFN- has been demonstrated to
be produced by isolated Hofbauer cells, particularly in
large amounts after priming (Toth et al., 1991). Thus, in
vivo the interferon produced by the trophoblast (Toth
et al., 1990) could prime placental macrophages and
induce these cells to secrete large amounts of interferon.
Type I interferons may play important roles in the pro-
tection of the fetus against intrauterine infection, in
several differentiation processes, and can interact with
interferon-y and other cytokines (Wang et al., 1981;
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Taylor-Papadimitriou & Rozengurt, 1985; Hunt, 1989;
Toth et al., 1991).

Flynn etal. (1982,1985),and Glover et al. (1987) showed
that placental villous macrophages produce IL-1. Because
the antigen presentation correlates with class II antigen
expression and IL-1 secretion, the authors suggested that
fetal placental macrophages function nearly as efficiently
as adult cells for antigen presentation (Glover et al., 1987),
which could present a hazard for maintenance of the fetal
allograft. They hypothesized that competence for tissue-
specific factors or other mediators (Glover et al., 1987)
may regulate antigen presentation. In support of this idea
is the study by Yagel et al. (1987), which showed that
physiologic concentrations of progesterone induced a sig-
nificant increase in fetal placental macrophage prosta-
glandin E,, a potent immunosuppressant. This finding
suggested a functional role for fetal placental macro-
phages inimmunosuppression at the fetomaternal surface.
Isolated Hofbauer cells consistently demonstrated inhibi-
tion or suppression of both mixed lymphocyte reaction
(MLR) and cell-mediated lympholysis (CML) (Uren &
Boyle, 1990). Therefore, Hofbauer cells may in fact exert
a sentinel function that would prevent strong, destructive
maternal T-cell responses against the fetus. These data are
also in agreement with the observation of Mues et al.
(1989), who detected a large number of Hofbauer cells
positive for the monoclonal antibody RM3/1. This anti-
body recognizes an antigen that is strongly induced by
dexamethasone, but downregulated by interferon-y, LPS,
and triphorbolacetate on in vitro cultured monocytes. In
vivo, RM3/1 macrophage populations are the predomi-
nant cells in liver and heart allografts from patients receiv-
ing a high-dose corticosteroid medication (Mues et al.,
1989). The dominance of a corticosteroid-induced antiin-
flammatory macrophage phenotype within the placental
villous core suggests localized immunosuppression, and it
is probably related to the fact that cortisone is a promi-
nent steroid in the human placenta (Murphy, 1979). In this
context the observation of Moussa et al. (2001) showing
that Hofbauer cells produce a classical chemokine, the
macrophage inflammatory protein 1 (MIP1) beta is
intriguing.

Interleukin-1 is a well-known stimulus for T-
lymphocyte IL-2 production, and therefore placental
macrophage-derived IL-1 may stimulate the expression
of IL-2 by placental components. Indeed, Boehm et al.
(1989b) pointed out that the IL-2 gene is expressed in the
syncytiotrophoblast of the human placenta. Interleukin-2
is an important regulator of immune function. If it is
produced by the syncytiotrophoblast it would most cer-
tainly play a major role in any scheme of immune
interaction(s) postulated to exist between the mother and
the fetoplacental graft.

Other macrophage cytokines of special interest for
villous cell biology are TNF-o. and TGF-B; TGF-B and
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TGF-p mRNA have been isolated from the human
placenta (Frolik et al., 1983). This growth factor is a
multifunctional peptide involved in immunosuppressive
activities and, depending on the cell type, in stimulation
or inhibition of cell growth (Miller et al., 1990; Sporn &
Roberts, 1990). Concerning the human placenta, Morrish
et al. (1991) have shown that it acts as a major inhibitor
of trophoblast differentiation and concomitant peptide
secretion. Tumor necrosis factor-o. binding to its p55
receptor, which is expressed by villous cytotrophoblast,
induces trophoblast apoptosis in vitro (Yui et al., 1996).
This finding is in agreement with other data that showed
that villous trophoblastic apoptosis is started already on
the cellular level (Huppertz et al., 1998; for review see
Huppertz 2001, 2003).

Other Free Connective Tissue Cells

Most free connective tissue cells of the human placental
villi have been identified to be macrophages. There are
a few cells, however, without macrophage character,
among which are mast cells and plasma cells. Pescetto
(1950), Latta and Beber (1953), Mahnke and Jacob
(1972), and Durst-Zivkovic (1973) have reported the
structural peculiarities of mast cells (Fig. 6.28C). Accord-
ing to these reports, the cells are found mainly in the
walls of the large fetal blood vessels of stem villi.
Structurally, they correspond to mast cells of other origin.
The same is true for plasma cells, the occasional appear-
ance of which in the stroma of stem villi of immature
placentas has been reported by Benirschke and Bourne
(1958); it is often seen in various types of chronic
villitis.

Basic Structure of the Vessel Walls

The fetal placental vessels vary little from the vessels of
other organs. Only some peculiarities, which may be con-
sidered placenta-specific, shall be listed below (for details,
see Kaufmann & Miller, 1988).

Fetal Capillaries

The endothelial cells of capillaries and sinusoids are
arranged as a monolayer (Fig. 6.29). During the last tri-
mester, they rest on a basal lamina. The cells are con-
nected to each other by intercellular junctions. Although
the rat and mouse placentas display a fenestrated endo-
thelium (Metz et al., 1976; Heinrich et al., 1977), a con-
tinuous endothelium is found in the human, guinea pig,
and rabbit placenta (Becker & Seifert, 1965; Heinrich et
al., 1976, 1977; Kaufmann et al., 1982; Orgnero de Gaisan
et al., 1985). Whether it is valid for all segments—from
the arterial beginning to the venous end of the long capil-
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lary loops—of both the perivascular capillaries and the
terminal capillary bed is unresolved. In the human, two
types of endothelial cells have been described that differ
ultrastructurally (Nikolov & Schiebler, 1973, 1981;
Heinrich et al., 1976). Normally, these cell types can be
found in the same capillary cross section (Fig. 6.29C).
Also, the lectin-binding patterns point to a considerable
heterogeneity of the fetal villous endothelium (Lang
et al., 1993a, 1994a,b).

The lateral intercellular spaces that separate the single
endothelial cells are bridged by intercellular junctions
(Fig. 6.29C), which serve as mechanical links between
apposed cells and as gates that limit permeability for the
paracellular transfer route. In the human placental capil-
laries and sinusoids, most of these junctions according
to their structural features are tight junctions (zonulae
occludentes) (Heinrich et al., 1988; Firth & Leach, 1996,
1997; Leach & Firth, 1997). They are known to limit para-
cellular transfer along the intercellular clefts to molecules
of a molecular weight of about 40,000 daltons (molecular
diameter about 6 nm) or less. Because of this, the tran-
sendothelial transport of immunoglobulin G takes place
via plasmalemmal vesicles (Leach et al., 1989). As a
second parameter, the molecular charge influences the
permeability: This molecular size is valid for cationic
probes, whereas anionic molecules of even smaller size
may not pass (Firth et al., 1988).

Interestingly, the tight junction molecule occludin was not found in capil-
laries of peripheral villous exchange vessels but rather within the endo-
thelium of villous stem vessels (Leach et al., 2000). By contrast, the
same authors found the tight junction molecule ZO-1 throughout the
endothelium of all types of villous vessels. Occludin is not necessarily
involved in the permeability features of tight junctions but may be
important for their mechanical features. Therefore, this differential
expression pattern may simply point to increased plasticity of capillaries
and sinusoids in the periphery of villous trees where full functional
activity and continuous expansion of the exchange surfaces are required
simultaneously.

There exist some hints that the transplacental traffic of
smaller molecules is influenced by the capillary endothe-
lium. Miihlhauser et al. (1994) found immunoreactivity of
carbonic anhydrase isoenzymes I and II in fetal villous
endothelium, which suggests that the capillaries are
actively involved in fetomaternal bicarbonate transfer
and thus in carbon dioxide removal and fetal pH regula-
tion. During the second and third trimesters, the human
villous endothelium acquires insulin receptors that were
present in the first trimester only at the intervillous
surface of the syncytiotrophoblast (Jones et al., 1993;
Desoye et al., 1994, 1997). It is still an open question
whether the endothelial receptors bind fetal insulin to
regulate maternofetal glucose transfer. Another explana-
tion would be that fetal insulin acts as a growth factor
regulating endothelial proliferation and villous angiogen-
esis according to the fetal demands.
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To provide experimental access to fetal villous endothelium and to
assess potential organ-specific differences as compared to other sys-
temic endothelium, attempts were made fo isolate villous endothelial
cells. Lang et al. (1993b, 2001) and Leach et al. (1993, 1994) have
developed respective isolation protocols that partly allow differential
isolation of villous macro- and microvascular endothelium.

Large Fetal Vessels

The composition of arterial and venous walls of the stem
villi largely corresponds to that of the vessels of the cho-
rionic plate and of the umbilical cord (see Chapter 12).
In both vessel types, elastic membranes are largely absent.
The muscular coats are thinner, and the muscle cells are
more dispersed than in corresponding arteries and veins
of other organs (Fig. 7.3A).

Nikolov and Schiebler (1973) described numerous
myoendothelial contacts. Extensions of smooth muscle
cells, as well as of endothelial cells, pass through gaps in
the basal lamina into the neighboring layer, where they
establish intense intercellular contacts. The attached parts
of either cell type are characterized by increased amounts
of plasmalemmal vesicles. Nikolov and Schiebler have
interpreted this as a “musculoendothelial system” that
may have importance for an autonomous, local vasoregu-
lation. Such local regulatory mechanisms of fetal intravil-
lous blood flow must exist, as nerves are absent in the
fetoplacental vessel system.

In conventional histologic sections, the arteries and
arterioles are often characterized by inappropriately pre-
served endothelium. It mostly appears to be columnar
and the hydropic endothelial cell bodies partly obstruct
the lumens. Moreover, deep herniation of muscle cells
through gaps in the basal lamina, between or into the
endothelial cells, is a usual finding. Such features have
been interpreted as results of pathologic processes such
as in placentas of HIV-infected mothers (Jimenez et al.,
1988). Rockelein and Hey (1985; Hey & Rockelein, 1989)
opposed this interpretation. They found endothelial
hydrops and myoendothelial herniation to be the results
of delayed immersion fixation. It could have been avoided
by perfusion fixation of the fetal vascular system. We have
shown wide vascular lumina, surrounded by flat endothe-
lium, in large vessels following fetal or maternal perfu-
sion fixation (Fig. 7.3A,B; compare these with the
occluded arteriole in the lower right of Fig. 7.7B, obtained
from an immersion-fixed specimen).

These considerations do not rule out the possibility that in vivo constric-
tions or occlusions of the major fetal arteries and arterioles may occur
and influence fetal hemodynamics of the placenta. Ample evidence
exists that they occur frequently. These findings have achieved major
importance in the interpretation of Doppler measurements of umbilical
artery flow velocity waveforms (Trudinger et al., 1985; Jimenez et al.,
1988; Nessmann et al., 1988). The influence of fixation artifacts must
be carefully considered when evaluating factors such as arterial lumen
width, endothelial hydrops, and myoendothelial herniation.



FIiGure 6.29. Comparison of fetal capillaries in delayed versus
immediately fixed terminal villi. A: Fetal capillaries with endo-
thelial cells protrude into the lumen and compress the erythro-
cytes. This phenomenon is best explained by postpartal capillary
collapse caused by delayed fixation. In such cases, the tight junc-
tions (arrows) are restricted to the basal parts of the endothelial
cell bodies. x10,300. (Source: Demir et al., 1989, with permis-
sion.) B: Distended terminal villi are characterized by a mixture
of dilated fetal sinusoids with an extremely thin endothelium
and neighboring smaller capillary cross sections with the same
thin endothelial lining. Such pictures can usually be obtained

only from immediately fixed specimens obtained at cesarean
section. Even in this well-preserved specimen, angular shapes
of the smaller capillaries point to early capillary collapse. x2000.
(Source: Demir et al., 1989, with permission.) C: Transmission
electron micrograph of fetal vessel cross section at higher mag-
nification demonstrates that the endothelial lining may be com-
posed of differently structured endothelial cells. The functional
meaning of this is uncertain. The darker cells, containing numer-
ous filaments, may be contractile and may be involved in periph-
eral blood flow regulation. It is uncertain whether this vessel is
a capillary or a small collecting venule. x18,000.
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Note that the distribution of major fetal vessels throughout the villous
trees is not homogeneous. lts density (number of vessel cross sections
per surface unit of histologic section) is highest in the centers of the
villous trees near the chorionic plate, where the large trunci chorii and
rami chorii and their branches prevail; it is lowest in the periphery of
the villous trees (placentones), where we find predominantly mature,
intfermediate, and terminal villi. Thus, without a careful sampling
regimen, meaningful results cannot be obtained (Mayhew & Burton,
1988). The principles of sampling and tissue preservation, and of the
structural heterogeneity of the organ with artifacts that bias central
findings, are further explored in Chapter 28, Tables 28.6, 28.8, 28.9,
and 28.10.

Vasomotor Control

Fetal vasoactivity has been described by several authors.
Mayer et al. (1959), Sakata (1960), Freese (1966), and
Panigel (1968) reported fetal vessel constriction by cine-
matographic methods. Lemtis (1970) found experimental
proof for an uneven blood supply of the various villous
trees and interpreted it to result from autonomous regu-
lation and an attempt of adaptation to changing func-
tional demands.

Several substances have been shown to participate in
the vasomotor control of the fetoplacental vessels. The
most potent vasodilator is the former endothelial-derived
relaxing factor (EDRF) (Pinto et al., 1991), which is iden-
tical with nitric oxide (NO) (Myatt et al., 1991; for review,
see Macara et al., 1993). Nitric oxide is formed from the
conversion of l-arginine to citrulline by NO synthase
(NOS). The activity of the latter enzyme has been found
in human placental homogenates (King et al., 1995). The
enzyme was found histochemically [reduced nicotinamide
dinucleotide phosphate (NADPH) diaphorase], and
endothelial NOS (eNOS) and macrophage NOS (mNOS),
respectively, have been localized immunohistochemically
in the fetal endothelium (Myatt et al., 1993,1997), villous
myofibroblasts (Schonfelder et al., 1993), Hofbauer cells
(Myatt et al., 1997), and the syncytiotrophoblast (Myatt
et al., 1993, 1997). In cultured trophoblast cells, NOS
expression changed with changes in oxygen supply
(Seligman et al., 1997).

Data on carbon monoxide-mediated vasorelaxation in
the placenta are still scarce. From the two hemoxygenases
(HOs) involved in CO metabolism, Yoshiki and cowork-
ers (2000) found HO-1 to be constitutively expressed by
villous trophoblast cells, whereas HO-2 expression by
fetal villous endothelium and smooth muscle cells con-
siderably increased throughout pregnancy (Yoshiki et al.,
2000). Other authors described a less differential expres-
sion pattern across syncytio- and cytotrophoblast, endo-
thelium, and smooth muscle (McLean et al., 2000;
Lash et al., 2003). In preeclampsia expression of HO-2 is
locally compromised, suggesting that either vasoregula-
tion or hemoxygenase-related defense mechanisms
against oxidate stress may be compromised, too (Lash
et al., 2003).

6. Basic Structure of the Villous Trees

Another vasodilator is atrial natriuretic peptide, the
receptors of which have been detected in the smooth
muscle cells of placental stem vessels (Salas et al.,
1991).

Finally, also calcitonin gene-related peptide (CGRP)
seems to be involved in fetoplacental vascular relaxation.
The CGRP receptor was shown to be present in villous
endothelium and in the underlying smooth musculature
(Dong et al., 2004). In vitro, upon CGRP administration,
the same authors were able to show dose-dependent
relaxation of placental stem vessels.

Concerning vasoconstrictors, endothelin-1 has been
demonstrated biochemically in the human placenta
(Hemsen et al., 1991) and localized to the trophoblast and
endothelial cells of villous vessels (Malassine et al., 1993;
Marinoni et al., 1995). Endothelin-1 receptor sites have
been demonstrated on placental vascular smooth muscle
cells, particularly within stem villi (Wilkes et al., 1990;
Bourgeois et al., 1997).

Fibrinoid of the Villous Trees

Fibrinoid is a summarizing term for any acellular, eosino-
philic, largely homogeneous substance in the placenta
(see Fibrinoid in Chapter 9). Disseminated fibrinoid
deposition in the intervillous space and the villous trees
is a regular finding in every normal placenta. Excess
amounts of fibrinoid deposits within and around villi may
be pathologic events and are often incompatible with
normal fetal outcome.

It is not surprising, then, that pathologists have classi-
fied and attempted to define the fibrinoid deposits in this
area (Wilkin, 1965; Benirschke & Driscoll, 1967; Fox,
1967b, 1968, 1975; Oswald & Gerl, 1972; Becker, 1981).
From an anatomical point of view, the nomenclature used
by Fox (1967b, 1968, 1975) seems to be the most appropri-
ate. He differentiated between

e perivillous fibrin(oid), which surrounds more or less
altered but still identifiable villi, and

e intravillous fibrinoid (subsyncytial fibrinoid, villous
fibrinoid necrosis), which primarily affects the villous
interior.

Although the two processes may later mix, they appear
to have a different pathogenesis, at least in the beginning.
Moreover, the composition of both types of fibrinoid is
different.

Perivillous Fibrinoid

The perivillous fibrinoid or perivillous fibrin as defined
by Fox (1967b, 1975) is probably identical with the micro-
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fibrinoid of Oswald and Gerl (1972) and with the gitter-
infarct designated by Becker (1981). It probably partly
overlaps with the fibrinoid found in the maternal floor
infarction, discussed in Chapter 9.

Structure: Perivillous fibrinoid can be found in every
term placenta, but Fox (1967b) identified macroscopically
such deposits in only 22.3% of normal placentas after 37
weeks of pregnancy. In our own experience, this figure is
much too low. A mature placenta, free from macroscopi-
cally identifiable perivillous fibrinoid, is a rare exception.
Problems may exist only insofar as it might be impossible
to differentiate macroscopically among perivillous fibri-
noid, intravillous fibrinoid, and old intervillous hemato-
mas. The diameter of perivillous deposits lies in most
cases between a few hundred micrometers and some mil-
limeters. Larger deposits that reach a few centimeters
usually represent intervillous hematomas and displace
villi rather than encasing them. The “placental floor
infarction” is easily differentiated because of its large size
and normally basal position, being directly connected to
the basal plate.

Histologically, perivillous fibrinoid is lamellar in struc-
ture (Toth et al., 1973). Immunohistochemically, its super-
ficial layer always represents fibrin-type fibrinoid (Frank
et al., 1994) (see Chapter 9), which is a blood clot product.
This layer may directly contact the trophoblastic lamina
of the villi, or it may be followed by the more homoge-
neous matrix-type fibrinoid (see Chapter 9), a secretory
product of large trophoblast cells that embeds the latter
(Frank et al., 1994).

Perivillous fibrinoid either fills gaps in the syncy-
tiotrophoblastic cover of villi or encases entire villi
or even groups of villi. The syncytiotrophoblast
of these villi degenerates during the early stages of
fibrinoid formation, and in later stages it disappears
completely. A thickened trophoblastic basal lamina
surrounds the fibrotic villous stroma. Their fetal vessels
sometimes remain intact, but in most cases, they
obliterate.

The villous cytotrophoblast beneath perivillous fibri-
noid may disappear or may show increased proliferation.
Like the extravillous trophoblast cells of the basal plate,
the cell islands, and the septa, the cells grow to consider-
able size. Immunohistochemically, they cannot be distin-
guished from extravillous trophoblast cells of other
localizations. They partly lose their connection to the
basal lamina and develop in strings or as single cells deep
in the fibrinoid (Villee, 1960; Wilkin, 1965; Fox, 1967b),
adding by secretion and degeneration additional matrix-
type fibrinoid.

This finding suggests that villous cytotrophoblast (Langhans’ cells) and
extravillous cytotrophoblast do not represent two completely different
lines of trophoblast differentiation that separate during the early stages
of placentation. Rather it implies that villous trophoblast cells even in
late pregnancy can be transformed into exiravillous ones, losing their
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polarization and secreting matrixtype fibrinoid instead of a basal
lamina, as soon as these cells are covered by fibrin-type fibrinoid rather
than by villous syncytiotrophoblast.

Origin: Moe and Joergensen (1968) studied aggregates
of platelets at the villous syncytial surfaces by electron
microscopy and described these aggregates as represent-
ing the initial stages of fibrinoid deposition. Also accord-
ing to Fox (1967b), syncytiotrophoblastic degeneration is
only a secondary phenomenon that is introduced by
platelet aggregation on the intact syncytial surfaces. The
latter process is thought to be caused by a disturbed
intervillous circulation.

On the other hand, it is known that collagens (Kunicki
et al., 1988), fibronectins (Piotrowicz et al., 1988),
and laminin (Sonnenberg et al., 1988) can initiate
blood clotting. These molecules are constituents of
the trophoblastic basal lamina. Thus, it is reasonable to
assume that focal degeneration of syncytiotrophoblast
with free exposure of the basal lamina to the inter-
villous blood results in local blood clotting and closure
of the trophoblastic defect by a fibrinoid plug. As
has been demonstrated by Edwards et al. (1991), it
must be discussed how far such fibrinoid plugs are suffi-
cient barriers controlling maternofetal macromolecule
transfer.

Also our experimental studies in the pregnant guinea
pig (Kaufmann et al., 1974b; Kaufmann, 1975b) led us to
assume that, in addition to mere intervillous, circulatory
factors, there are intrasyncytial causes for perivillous
fibrinoid deposition. Inhibition of intrasyncytial energy
metabolism, using monoiodine acetate or sodium fluo-
ride, within minutes after application induced focal ultra-
structural degenerative changesin the syncytiotrophoblast,
followed by fibrin/fibrinoid deposition in the neighboring
maternal blood. This finding is in agreement with older
findings by Hoérmann (1965), who considered that factors
such as hypoxia and acidosis might lead to syncytial
degeneration and eventually result in replacement of the
syncytium by fibrinoid.

Statistical results published by Fox (1967b, 1975) suggested that peri-
villous fibrinoid is a more frequent phenomenon in placentas from
normal pregnancies than in those involved in pathologic processes. This
finding may be an indicator that just the maximal maternal perfusion
of the infervillous space predisposes to perivillous fibrin deposition. In
agreement with this conclusion, the same author failed to find any local
or statistical correlation between perivillous fibrinoid and placental
infarction. In general, there seemed to be no influence on fetal
well-being.

Even though these findings and theories by Fox are supported by
earlier publications (Siddall & Hartman, 1926; Huber et al., 1961),
there are many reports that point in another direction. Eden (1897),
who was probably also the first author to state that infarcts are the result
of maternal vascular occlusion, considered derivation from blood coag-
ulation and degeneration; Sala et al. (1982) found with stereologic
techniques that significantly more fibrin was deposited in “venous”
(“hypoxic”) areas of the placenta, where there is stasis of blood.
Huguenin (1909), Wilkin (1965), Boyd and Hamilton (1970), and Toth
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et al. (1973) considered perivillous fibrinoid to be the result of tropho-
blastic degeneration. Boyd and Hamilton (1970) and Wilkin (1965)
described fibrinoid deposition below the syncytiotrophoblast, preceding
intervillous clotting. Thomsen (1954) reported cases of villous rupture
with fetal bleeding into the infervillous space as being responsible for
this process.

Intravillous Fibrinoid

Structure: Fox (1968) first described and defined a sepa-
rate kind of fibrinoid that appears in the subtrophoblastic
space and finally occupies the entire villous stroma.
According to his views, as many as 3% of the villous cross
sections may be replaced partially or completely by intra-
villous fibrinoid during normal pregnancy. The intravil-
lous deposition is increased in pregnancies complicated
by such conditions as maternal diabetes, Rh-incompati-
bility, and preeclampsia.

Composition and nature of the intravillous fibrinoid
are still controversially discussed. Based on Liebhart’s
description (1971) of a primarily intracytotrophoblastic
deposition, Fox (1975) concluded that this material cannot
be fibrin. In contradistinction to what he has defined to
be perivillous “fibrin,” he proposed the term intravillous

6. Basic Structure of the Villous Trees

fibrinoid. It seems obvious that an intact syncytiotropho-
blastic barrier as well as an intact fetal capillary wall
prevent a maternal or fetal fibrin imbibition of the villous
interior. On the other hand, Moe (1969a—c) immunohis-
tochemically demonstrated fibrinogen and fibrin in the
cytotrophoblast. Moreover, several immunohistochemi-
cal studies found proof for an intra-villous existence of
fibrin and fibrinogen in both the trophoblastic basal
lamina (McCormick et al., 1971) and the intravillous fibri-
noid (Gille et al., 1974; Faulk et al., 1975), thus supporting
earlier respective data (Kline, 1951; McKay et al., 1958;
Wigglesworth, 1964). Finally, our own studies concerning
the immunohistochemistry of fibrinoids (Frank et al.,
1994) gave clear evidence that intravillous fibrinoid may
contain both fibrin (fibrin-type fibrinoid) and extracellu-
lar matrix molecules such as oncofetal fibronectin,
laminin, and collagen IV (matrix-type fibrinoid) (see
Origin of Fibrinoids in Chapter 9). Only the question as
to a maternal or fetal derivation of the fibrin remained
open.

Genesis: The process of intravillous fibrinoid deposi-
tion is thought to be initiated by small, subsyncytially
positioned nodules that are periodic acid-Schiff (PAS)
positive. They later increase in size (Fig. 6.30) and finally

Ficure 6.30. Intravillous fibrinoid. A large, heterogeneous plaque of fibrinoid intermingled with degenerative cellular remains
and white blood cells is deposited between the syncytial covering of the villus and its stromal core. x2400.
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replace the stroma. This view has been supported by
Wilkin (1965) and Boyd and Hamilton (1970). As stated
by these authors, the originally intact syncytium degener-
ates only secondarily, if at all.

Liebhart (1971) has described degeneration of the villous cytotropho-
blast as the initial process. Some immunologic studies have supported
the idea of an extracellular fibrinoid deposition in the villous stroma,
independent from cellular degeneration (Gille et al., 1974; Faulk et al.,
1975). There has been ample discussion about whether this process is
completely independent from the genesis of perivillous fibrinoid (Fox,
1967b) or whether it may be complicated by the latter (Wilkin, 1965;
Boyd & Hamilton, 1970; Burstein et al., 1973).

Concerning the etiology of the formation of the intra-
villous fibrinoid, Fox (1968) discussed an immunologic
attack against the villous cytotrophoblast. Wislocki and
Bennett (1943) proposed villous degeneration as a result
of placental aging to be the primary agent. The histologic
and histochemical studies by Burstein and coworkers
(1973) have provided some evidence that intravillous
fibrinoid and amyloid might be identical, whereas peri-
villous fibrinoid showed staining patterns that were dif-
ferent from those of amyloid. In agreement with the
extraplacental genesis of amyloid, these authors sug-
gested that intravillous fibrinoid is a result of placental
degeneration induced by aging and by immunologic
processes.

Intravillous fibrinoid, involved in immunologic processes, has been dis-
cussed on many occasions. McCormick et al. (1971) described this
type of fibrinoid as a result of antigen-antibody reactions in the villous
stroma and as resulting in an immunologic barrier between maternal
and fetal circulations. Burstein et al. (1963) have even named the villous
stroma as an immunologic battlefield, as they found a specific stromal
binding of insulin in cases of maternal diabetes mellitus and of anti-D
antibodies in cases of Rh incompatibility. Differing slightly from the
foregoing and based on experimental studies in healthy pregnant
women, Gille et al. (1974) came to the conclusion that immunologic
diseases may affect the syncytiotrophoblastic barrier. Consequently, the
latter was thought to become permeable for antigen-antibody com-
plexes, which then may become enriched and finally deposited as
fibrinoid in the villous stroma.
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Architecture of Normal Villous Trees

Classification of Villous Types

The ramifications of the villous trees can be subdivided
into segments that differ mainly as to caliber, stromal
structure, vessel structure, and position within the villous
tree (Fig. 7.1). Five villous types have been described
(Kaufmann et al., 1979; Sen et al., 1979; Castellucci &
Kaufmann, 1982a,b; Kaufmann, 1982; Castellucci et al.,
1984, 1990, 2000; Burton, 1987), some of which can be
further subdivided. As will be discussed below, all villous
types derive from single precursors, the mesenchymal
villi, which correspond to the tertiary villi of the early
stages of placentation.

The following villous types have been described
(Fig. 7.2):

1. Stem villi are characterized by a condensed fibrous
stroma, arteries and veins, or arterioles and venules with
a media or adventitia identifiable by light microscopy
(Fig. 7.2). They comprise the following structures (see
Fig. 7.17A):

e The main stems (truncus chorii) of a villous tree, which
connect the latter with the chorionic plate;

e Up to four generations of branchings (rami chorii of
the first to fourth orders), which are short, thick
branches derived from the truncus already in the vicin-
ity of the chorionic plate;

e Two to 30 (mean, 10) more generations of unequal
dichotomous branchings (ramuli chorii of the first to
tenth orders), which are more slender branches that
extend into the periphery of the villous trees;

¢ A special group of stem villi represented by the anchor-
ing villi; these villi are ramuli chorii, which connect to
the basal plate by a cell column. The proliferating tro-
phoblast cells of the latter act as a growth zone for
both, the anchoring villus as well as for the basal
plate.

2. Immature intermediate villi (Fig. 7.2) are bulbous,
peripheral, immature continuations of stem villi. They are
in a position comparable to that of the mature intermedi-
ate villi, that is, interposed between stem villi and periph-
eral branches, and they prevail in immature placentas.
Normally, this type persists in small groups within the
centers of the villous trees (placentones) and represents
the immature forerunners of stem villi.

3. Mature intermediate villi (Fig. 7.2) are long, slender,
peripheral ramifications characterized by the absence of
vessels with a light-microscopically identifiable media
and/or adventitia.

4. Terminal villi (Fig.7.2) are the final, grape-like rami-
fications of the mature intermediate villi, characterized
by their high degree of capillarization and the presence
of highly dilated sinusoids. They represent the main sites
of fetomaternal exchange.

5. Mesenchymal villi (Fig. 7.2) are the most primitive.
They prevail during the first stages of pregnancy, where
they are the forerunners of immature intermediate villi.
During later stages of pregnancy, these villi are incon-
spicuous, mostly small, slender structures that can be
found along the surfaces of immature intermediate villi
or at the tips of mature intermediate villi. At this stage
they also act as zones of villous proliferation and further
branching.

The principal morphometric data of the various
villous types are shown in Chapter 28, Table 28.7, and in
Fig. 7.15.

Stem Villi

Trunci chorii, rami chorii, ramuli chorii, and the anchor-
ing villi are summarized as stem villi because they exhibit
similar histologic features and differ from each other only
in caliber and position within the hierarchy of villous
branching (Demir et al., 1997). The calibers vary from
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FiGure 7.1. Semithin section from the 40th week postmenstrua-
tion (p.m.) to demonstrate the structural and staining variability
of villous cross sections. Such pictures suggest that the villous
tree is composed of several villous types that differ from each

about 80um (smallest ramuli chorii) to about 3000 um
(some trunci, near the chorionic plate). In the normal
mature placenta, they make up 20% to 25% of the total
villous volume (see Table 28.7). Because of the typical
branching patterns of the villous trees, the volumetric
share of the stem villi is the highest in the central subcho-
rionic portion of the villous tree.

The trophoblast cover of stem villi is uniformly thick
and lacks epithelial plates. Cytotrophoblastic cells, located
below the superficial syncytiotrophoblast, can be found
on about 20% of the villous surfaces. In the mature pla-
centa, the trophoblast is often degenerated and largely
replaced by perivillous fibrinoid (Figs. 7.3A,B and 7.4).
The trophoblastic degeneration is more impressive in
stem villi of large caliber than in the small peripheral villi.
Moreover, there seems to be a certain positive correla-
tion with intrauterine growth retardation (Ara et al.,
1984; Macara et al., 1996).

The stroma is characterized by huge, condensed bundles
of collagen fibers that encase occasional fibroblasts and
rare macrophages (Fig. 7.3C). Within trunci, rami, and
large ramuli, the fetal vessels are composed of arteries
and veins that are accompanied by smaller arterioles and
venules as well as superficially located paravascular capil-
laries (Fig. 7.3A). The latter are comparable to vasa
vasorum of large-caliber vessels of other organs. In the
smaller, more peripheral ramuli, arteries and veins are
lacking; rather, the fetal vessels are represented by a few
arterioles and venules that typically have thin vessel walls
and are accompanied by few paravascular capillaries (Fig.
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other regarding size, stromal fibrosis, and density of fetal vascu-
larization. s, stem villi; mi, mature intermediate villi; t, terminal
villi. x140.

7.3B). The adventitia of arteries and veins continues
without sharp demarcation into the surrounding fibrous
stroma of the villous core (Fig. 7.3A). The more centrally
located connective tissue cells are myofibroblasts, whereas
the more peripheral ones are noncontractile fibroblasts
(Demir et al., 1992, 1997; Kohnen et al., 1995, 1996).
The central core of myofibroblasts is arranged around
the stem vessels (Fig. 7.5) and has been called the peri-
vascular sheath (Graf et al., 1994,1995,1997). In stem villi
that are not yet fully mature, an additional superficial rim
of reticular stroma, composed of undifferentiated, prolif-
erating connective tissue cells but deficient in fibers, may
separate the fibrous stroma from the trophoblastic cover
(see Chapter 8, Figs. 8.5 to 8.8). All three layers together
represent a differentiation gradient; the most peripheral
cells are the proliferating stem cells and the most central
cells represent the highest degrees of differentiation. As
soon as the trophoblastic cover is replaced by fibrinoid,
the stromal stem cells stop proliferation and start differ-
entiation, thus leading to a homogeneously fibrosed stem
villus stroma (Demir et al., 1997). These data suggest
paracrine interactions between trophoblastic epithelium
and the stromal stem cells beneath. Macrophages are
evenly distributed throughout the stroma (Demir et al.,
1992, 1997). Occasionally mast cells are present in the
vascular walls of the stem villi (see Chapter 6).
Function: Stem villi serve to mechanically support the
structures of the villous trees. Considering the low degree
of fetal capillarization and degenerative changes of the
trophoblast, their share in fetomaternal exchange and
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Ficure 7.2. Simplified representation of the peripheral part of a mature placental villous tree, and typical cross sections of the
various villous types. For further details see text. (Source: Kaufmann & Scheffen, 1992, with permission.)



124

FIGURE 7.3. Structural features of stem villi. A: Semithin cross
section of a large stem villus. Note that the adventitias of the
artery (right) and vein (left) directly continue into the sur-
rounding dense fibrous stroma of the villus. Superficially, numer-
ous smaller vessels of the paravascular capillary net are seen.
As is typical for stem villi of the mature placenta, the tropho-
blastic covering of this villus has been removed by fibrinoid in
many places. x115. (Source: Leiser et al., 1985, with permission.)
B: More peripherally positioned stem villi of small caliber can

endocrine activity is presumably negligible. The presence
of the large fetal vessels with thick muscular walls as well
as the presence of extravascular myofibroblasts (Demir
et al., 1992, 1997; Kohnen et al., 1996) makes their contri-
bution to the autoregulation of the fetoplacental vascular
system likely. Moreover, the myofibroblasts that are ori-

7. Architecture of Normal Villous Trees

be identified by the condensed fibrous stroma, located between
the fetal arterioles and venules (large lumens). Fetal capillaries
are rare. x430. C: Transmission electron micrograph of the
fibrous stroma of a stem villus. The interstitial space between
the various types of connective tissue cells is mostly occupied
by dense bundles of collagen fibers. Residual macrophages
(upper right) partly surrounded by sail-like extensions of fibro-
blasts remind us that fibrous stroma is derived from reticular
stroma. x2400.

ented in parallel to the longitudinal axis of the villous
stems, the so-called perivascular sheath (Graf et al., 1994,
1995, 1997), may provide a regulating system for the
maternal circulation in the intervillous space (Fig. 7.6).
Because many of the larger villous stems are anchoring
villi that connect the chorion and basal plate, their longi-
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FIGURE 7.4. Peripheral stem villi. 40 weeks p.m. A: Structural
features of a not yet fully matured stem villus from the center
of a fetal cotyledon. The trophoblastic surface cover is still
largely complete. Below the trophoblastic surface, locally para-
vascular capillaries can be seen, which are embedded in highly
cellular connective tissue. B: In contrast, in a fully matured stem

FIGURE 7.5. Mature placental villi immu-
nostained with an antibody against Y-
smooth muscle actin. This antibody stains
both vascular smooth muscle cells and
extravascular myofibroblasts. Nuclei coun-
terstained with hematoxylin. Terminal villi
and mature intermediate villi are immuno-
negative. Only stem villi are immunoreac-
tive (brown). Cross sections of small-sized
peripheral stem villi (upper and lower left)
can be identified by immunoreactive
smooth muscle cells concentrically sur-
rounding villous arterioles and venules. In
the centrally located longitudinally sec-
tioned large-caliber stem villus between
the immunopositive vessel walls (brown)
and villous surface longitudinally sectioned,
filiform, immunopositive myofibroblasts
can be seen. x100.
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villus of the same size, derived from the peripheral parts of a
fetal cotyledon of the identical placenta, the trophoblast is
largely replaced by fibrinoid. The number of subtrophoblastic
paravascular capillaries has decreased. Paraffin sections, hema-
toxylin and eosin (H&E) stain. x430.
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tudinal contraction decreases intervillous volume (Krantz
& Parker, 1963; Kohnen et al., 1996; Demir et al., 1997;
Farley et al., 2004) and very likely increases uteroplacen-
tal flow impedance. As was discussed in Chapter 6, in this
way the fetus gains control over the maternal blood flow
in the placenta, which the mother has lost as a conse-
quence of trophoblast invasion of the uteroplacental
arteries.

Blood flow and blood pressure control in the intervil-
lous space are important, as has been demonstrated in
vitro by Karimu and Burton (1994): pressure increases in
the intervillous space reduce the width of the fetoplacen-
tal capillaries and thus increase fetoplacental impedance
and reduce fetal perfusion of the placenta. Respective
malregulation is thought to be a major mechanism in the
pathogenesis of intrauterine growth restriction (IUGR)
with absent or reversed end-diastolic (ARED) umbilical
flow (Kingdom & Kaufmann, 1997; Kingdom et al.,
1997a). In conclusion, myofibroblasts may act as an
important link adapting maternal and fetal perfusion of
the placenta to each other. Increase in fetoplacental
blood flow impedance caused by high pressure in the
villous surrounding can be downregulated by relaxation
of the myofibroblasts (Demir et al., 1997; Kohnen et al.,
1995, 1996).

Immature Intermediate Villi

The immature intermediate villi have been known as
immature villi or immature terminal villi. We have sug-
gested that the term immature intermediate is more
appropriate because these villi are not the only immature
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FiGURE 7.6. Schematic representation of
the distribution of villous extravascular
myofibroblasts (lilac) in large-caliber stem
and anchoring villi. Upon contraction, these
cells shorten the length of stem and anchor-
ing villi, thereby reduce the width of the
intervillous space, and increase the imped-
ance of maternal intervillous blood flow
(red arrows). In this way the fetus is thought
to gain control over the maternal blood
flow in the placenta, which the mother has
lost as a consequence of trophoblast inva-
sion of the uteroplacental arteries.

villous type, nor are they immature forerunners of later
terminal villi (Kaufmann et al., 1979; Kaufmann, 1982).
Rather, both types of intermediate villi (immature and
mature intermediate villi) are differentiated successors of
mesenchymal villi:

e The immature intermediate villi result from matura-
tion of mesenchymal villi throughout the first two tri-
mesters. Later they are transformed into stem villi.

e The mature intermediate villi, which derive from mes-
enchymal precursors during the last trimester, produce
the terminal villi.

Thus, both “intermediate” villi are in an intermediate
developmental position between mesenchymal and fully
mature villi. Moreover, both are in an intermediate topo-
graphic position between stem villi and the most periph-
eral branches.

Histologically, immature intermediate villi have the
same uniform, thick trophoblastic cover as stem villi (Figs.
7.2 and 7.7A,B). Epithelial plates are absent. During early
pregnancy, Langhans’ cells can be found below the syncy-
tium on more than 50% of the villous surfaces. During late
pregnancy, their prevalence is reduced to about 20%.

The most characteristic feature of the immature inter-
mediate villi is their reticular stroma, typified by numer-
ous fluid-filled channels that are delimited by large,
sail-like processes of the fixed stromal cells (Kaufmann
et al., 1977b) (Fig. 7.7A-C). Hofbauer cells are inside the
channels (Enders & King, 1970; Castellucci & Kaufmann,
1982a), suspended in some fluid.

Fetal vessels, such as the capillaries, arterioles, and
venules, together with scarce bundles of collagen fibers,
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Ficure 7.7. Typical structure of the imma-
ture intermediate villus. A: Paraffin section,
6th week p.m., H&E. staining. Note the
reticular appearance of the villous stroma
with enmeshed highly vacuolated macro-
phages. x400. B: Semithin section of an
immature intermediate villus from the
22nd week of pregnancy p.m. with its
typical reticular stroma. The rounded, vac-
uolated macrophages (Hofbauer cells) are
located in stromal channels, which are
devoid of connective tissue fibers and
therefore appear as empty holes. In faintly
stained histologic sections, this feature can
be misinterpreted as villous edema. x520.
(Source: Kaufmann, 1981, with permis-
sion.) C: Scanning electron micrograph of
a freeze-fractured immature intermediate
villus shows the three-dimensional view of
the reticular stroma with its characteristic
stromal channels. x1050. (Courtesy of M.
Castellucci.) D: Transmission electron
micrograph of the reticular stroma of an
immature intermediate villus at term.
Several stromal channels, each containing
a macrophage, can be identified. They are
delimited from the surrounding connective
tissue fibers by slender, sail-like extensions
of fixed connective tissue cells (small retic-
ulum cells, R). A small fetal arteriole (A)
is seen in the lower left corner. x2700.
(Source: Castellucci & Kaufmann, 1982a,
with permission.)
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are positioned between the stromal channels. Collagen
bundles and vessel walls are separated from the lumina
of the channels by the sail-like extensions of the connec-
tive tissue cells (Fig. 7.7B,D).

Transformation of immature intermediate villi into
stem villi takes place during the first trimester. It is a
gradual process that results in numerous intermediate
steps. The starting point for the stromal fibrosis is the
vascular wall. In the beginning, vessels acquire a distinct
media and adventitia. The latter expands in later stages
over the entire villous thickness. During this process the
intercanalicular bundles of connective tissue fibers
increase in diameter and thus compress the neighboring
stromal channels. Eventually, they disappear. Residues
can be found in all stem villi when one studies the stroma
carefully for Hotbauer cells (Fig. 7.3C).

The firstimmature intermediate villi are formed around
the 8th week postmenstruation (p.m.) (compare Figs. 8.2
with 8.3; see Table 8.1). Between the 14th and 20th weeks
(Figs. 8.3 to 8.5) they comprise most of the villous cross
sections. At term, they may be completely absent; in most
cases they can be found in small groups in the centers of
the villous trees, the “placentones,” where they still act as
growth zones and produce new sprouts. At term, a volu-
metric share of 0% to 5% is normal for immature inter-
mediate villi. This figure is applicable only when all parts
of a placentone are equally represented in the histologic
section. Sections restricted to the more central parts of a
villous tree may show higher values and must thus be
interpreted with care.

Function: The immature intermediate villi can be
regarded as the growth centers of the villous trees. These
produce the true sprouts (see hapter 15), which are
transformed into mesenchymal villi as forerunners of all
other villous types. Because of the long maternofetal dif-
fusion distances, immature intermediate villi are the prin-
cipal sites of exchange only during the first two trimesters,
so long as other specialized villous types are not yet
differentiated.

Immature intermediate villi may cause diagnostic
problems, as their reticular stromal core has only a weak
affinity for conventional stains because of the lack of col-
lagen. Typical features are depicted in Figs. 7.7A,B and
8.3 through 8.5. The weaker staining, however, often
results in the disappearance of the stromal channels so
that the resulting histologic picture is that of a seemingly
edematous villus that has accumulated much interstitial
fluid. Such true edematous villi indeed exist. They are
particularly impressive in hydatidiform moles but may
also be found in maternal diabetes mellitus and some
infections (e.g., syphilis, toxoplasmosis, cytomegalovirus
infection). On the other hand, as experienced a patholo-
gist as Harold Fox expressed some doubt when he wrote:
“This has long been recognized as one of the character-
istic features of placentae from diabetic women and from
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cases of materno-fetal rhesus incompatibility, though in
fact only a proportion of such placentae are edematous.”
For other cases, he simply stated villous immaturity to be
the correct designation (Fox, 1978, 1997). We believe that
many villi referred to as “edematous villi” in the litera-
ture are in fact normal, immature intermediate villi (e.g.,
in most cases of rhesus incompatibility) (Pilz et al., 1980;
Kaufmann et al., 1987). Naeye et al. (1983) have discussed
in much detail the clinical significance of placental villous
edema. We cannot exclude, based on their publication,
that these changes represent true edematous alterations;
however, at least one of the two examples they depicted,
their Figure 2, is a normal, immature intermediate villus.
They described it as follows: “Villous edema was recog-
nized by the finding of open spaces in the interstitium of
the villi,” but they pointed to normal stromal channels.

This contradiction does not negate the existence of
villous edema. It is probable that true generalized villous
edema has functional significance, as it may compress the
intervillous space and thus limit maternal blood flow
(Alvarez et al., 1972; Fox, 1978); it also increases the
maternofetal diffusion distances. Fox (1978) stated that
“villous oedema is usually considered to be of no clinical
significance,” and that “there is, as yet, no clear evidence
that villous oedema has, in itself, any effect on fetal growth
or nutrition.” Perhaps this negative conclusion is based
on the interpretation that most cases of “villous edema”
are misinterpretations of normal villous structures.

For further details regarding normal structure and
function of immature intermediate villi, see the publica-
tions by Castellucci and Kaufmann (1982a,b), Castellucci
et al. (1984), Highison and Tibbitts (1986), Kaufmann
(1982), Kaufmann et al. (1977b, 1979), and Sen et al.
(1979).

Mature Intermediate Villi

Mature intermediate villi are long slender villi with diam-
eters of about 60 to 150mm. As soon as their surfaces
bear terminal villi, their shape is characterized by numer-
ous slight bends at points where the terminal villi branch
off, resulting in a typical zigzag course (see Fig. 7.10A,D).
This pattern is absent when terminal side branches are
not present (see Chapter 15), features that may be of
diagnostic importance. Mature intermediate villi have
roughly the same diameters as terminal villi. Because of
their zigzag courses, longitudinal histologic sections are
rare. As long as mature intermediate villi do not produce
terminal villi, they do not pursue the zigzag course but,
rather, remain straight. This appearance, in sections of
weeks 32 to 34, is one of groups of cross sections that
alternate with bundles of slender longitudinal sections
(see Chapter 15, Fig. 15.9).

The trophoblast cover of mature intermediate villi is
much thinner than those of stem and immature interme-
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diate villi. Where it covers capillaries, it often is reduced
to epithelial plates of less than 1pum thickness. Also the
rare cytotrophoblastic cells are mostly found close to the
capillaries.

The stroma of mature intermediate villi is composed of
seemingly unoriented, loose bundles of connective tissue
fibers and fixed connective tissue cells. In some places it
surrounds rudimentary narrow stromal channels that are
usually devoid of macrophages (Figs. 7.8 and 7.9).

The vessels comprise numerous capillaries, small ter-
minal arterioles, and collecting venules. The media of the
latter is usually too thin for light microscopic identifica-
tion. Because the terminal villi originate from the surface
of the mature intermediate villi, there is a gradual transi-
tion. Cross sections are defined as mature intermediate
villi, the stroma of which contains fewer than 50% vascu-
lar lumens (see Table 28.6). Roughly one fourth of the
villous volume in the normal term placenta is composed
of this villous type (see Table 28.7).

Function: The mature intermediate villi produce the
terminal villi. The high degree of fetal vascularization and
the large share in the exchange surface make them im-
portant for fetomaternal exchange. When studying the
enzyme patterns and the immunolocalization of placental
hormones, one gains the impression that they are promi-
nent sites for hormone production. In analogy with the
vascular bed of other organs, one may conclude that the
presence of terminal arterioles allows participation in
vasoregulation and thus intravillous blood distribution
(Nikolov & Schiebler, 1973).

Terminal Villi

Terminal villi are the final ramifications of the villous tree
during the last trimester. They are grape-like outgrowths
of the mature intermediate villi, where they appear as
single or poorly branched side branches (Fig. 7.10). The
peripheral end of the mature intermediate villus nor-
mally branches into a larger aggregate of such terminal
villi (Fig. 7.10B). They usually connect to the mature
intermediate villi by a narrow neck region (Fig. 7.10C,D;
see also Fig. 7.20A). Only an extremely small proportion
of the terminal villi are directly connected to stem villi or
to immature intermediate villi.

Histologically, the trophoblast cover of terminal villi is
thin and forms numerous epithelial plates. Depending on

»
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FiGure 7.8. Semithin section of the richly vascularized periph-
eral end of a mature intermediate villus (upper half), with a
terminal villus (lower half) arising at a narrow neck region
(center). The fetal vessels show the typical composition of
narrow capillaries and dilated sinusoids. The latter are closely
related to the trophoblastic surface, forming thin epithelial
plates. x430. (Source: Kaufmann et al., 1979, with permission.)
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Ficure 7.9. Typical structure of mature intermediate
villi. Semithin cross section of the poorly vascularized,
more central portion of a mature intermediate villus.
Note the peripheral position of the small fetal capillar-
ies and the ample connective tissue, deficient in cells
and fibers. The syncytiotrophoblastic covering of the
villus is more uniform in structure than that of the ter-
minal villi. X730. B: Transmission electron micrograph
of the typical loose connective tissue of a mature inter-
mediate villus. The seemingly unoriented mixture of
small reticulum cells (R) with long processes,
macrophages (M), and loosely arranged connective
tissue fibers is highly characteristic for this villous type.
%x2150.
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FiGure 7.10. Scanning electron microscopic appearance of terminal villi. A: A single, long, mature
intermediate villus shows the characteristic bends of its longitudinal axis and multiple grape-like
terminal villi. Note that the terminal villi largely have the same diameter as the mature intermediate
villus from which they branch. x180. (Source: Kaufmann et al., 1979, with permission.) B: Tip of a
mature intermediate villus with rich final branching into terminal villi. x470. (Source: Kaufmann
et al., 1979, with permission.) C: A group of terminal villi, the central one showing a typical con-
stricted neck region and a dilated final portion. x500. (Source: Kaufmann et al., 1979, with permis-
sion.) D: Simplified drawing of a mature intermediate villus (line shaded) and its branching terminal
villi (point shading). As is typical, most terminal villi arise from the convex sides of each bend, either
directly or with a narrow neck region. They branch repeatedly, particularly at the end of the mature
intermediate villus. (Source: Kaufmann et al., 1979, with permission.)
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the quality of tissue preservation, they amount to 30% to
40% of the villous surface (see Table 28.6 and Fig. 7.20).

Fetal vessels are represented by sinusoidally dilated
capillaries. The latter occupy more than 50% of the
stromal volume and more than 35% of the villous volume
(see Table 28.6) (Figs. 7.8 and 7.11; also see Fig. 7.20)
(Kaufmann et al., 1979; Sen et al., 1979). The fetal sinu-
soids are in intimate contact with the trophoblastic surface
and form the epithelial plates.

The remaining connective tissue has scant fibers and
cells. Macrophages are rare (Fig.7.11). The average diam-
eter of terminal villi ranges from 30 to 80 um. Their his-
tologic appearance differs, depending on where they are
sectioned. The slender neck region, containing mostly
undilated capillaries, is easily differentiated from the

Ficure 7.11. Survey electron micrograph of a typical, well-fixed
terminal villus illustrates the high degree of fetal capillarization,
with some of the capillaries (C) being narrow and others dilated,
forming sinusoids (SI). The sparse connective tissue is com-
posed of macrophages (H), fibroblasts or small reticulum cells
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bulbous tip containing mostly sinusoids and from flat
sections across tips (see Fig. 7.20).

It must be pointed out that the light microscopic
appearance is heavily influenced by the mode of tissue
preservation. Delayed fixation (see Tables 28.6 and 28.9),
inappropriate osmolarity of the fixative (see Table 28.10),
and time and mode of cord clamping (see Table 28.9)
influence the villous structure. In particular, the highly
dilated sinusoids respond to postpartal changes of fetal
blood pressure. They tend to collapse within minutes, thus
dramatically changing the villous proportions (Voigt
et al., 1978; Burton & Palmer, 1988). An increase in pres-
sure in the peripheral fetal vessels, as during cord com-
pression (knots, torsion, nuchal cord), leads to congestion
in the terminal capillaries and results in seemingly “hyper-

(R), and a loose meshwork of connective tissue fibers. The
stroma is surrounded by a structurally highly variable layer of
syncytiotrophoblast (S) below which a few cytotrophoblastic
cells (CT) can be seen. x2000. (Source: Schiebler & Kaufmann,
1981, with permission.)
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capillarized” villi (“chorangiosis”). We found this feature
frequently with preterm rupture of membranes, and the
correlation is highly significant. There was also an increase
in villous blood volume, sometimes of more than 50%. It
may be speculated that loss of amnionic fluid predisposes
to compression of the umbilical veins and thus inhibits
placental venous backflow (Paprocki, 1992).

Function: The high degree of vascularization and
minimal mean maternofetal diffusion distance of about
3.7um (Voigt et al., 1978; Sen et al., 1979; Feneley &
Burton, 1991) (see Table 28.6) make this villous type the
most appropriate place for diffusional exchange (e.g.,
transfer of oxygen, carbon dioxide, and water). In the
normal mature placenta, the terminal villi comprise
nearly 40% of the villous volume. Because of their small
diameters, the sum of their surfaces amounts to 50% of
the total villous surface. They comprise about 60% of
villous cross sections. These figures explain why a remark-
able reduction of terminal villi (as in [UGR with ARED
umbilical flow) (Macara et al., 1996; Kingdom et al.,
1997b) may lead to fetal hypoxia. Also, according to Fox
(1978), there is a clear-cut inverse relation between the
incidence of villous vasculosyncytial membranes and
fetal hypoxia.

Mesenchymal Villi

The term mesenchymal villi has been proposed for the
first generation of tertiary villi, which are characterized

FiGure 7.12. Structural features of villous sprouts and mesen-
chymal villi in a methacrylate section of placental villi from the
6th week p.m. From a larger mesenchymal villus (below),several
true sprouts protrude into the intervillous space. At their tips,
the latter consist merely of syncytiotrophoblast. Nearer the base
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by a seemingly primitive stromal core resembling fetal
mesenchyme (Castellucci & Kaufmann, 1982a). From the
Sth (onset of villous vascularization) to the 7th week p.m.,
this is the only vascularized villous type. At later stages,
their number continuously decreases. Some of these villi
are still found at term, indicating that expansion of the
villous trees in normal pregnancies never comes to a
standstill.

These villi comprise the first generation of newly
formed villi, not only during the first trimester but also at
later stages. Differentiation of every new villus starts in
the mesenchymal stage. It is derived from trophoblastic
sprouts by mesenchymal invasion and vascularization
and precedes the formation of new intermediate villi
(Figs. 7.12 to 7.14). In accordance with their role as pro-
liferating segments, the mesenchymal villi decrease in
number as pregnancy advances. At term, they are primar-
ily found in small numbers on the surfaces of immature
intermediate villi. They are located in the centers of the
villous trees.

Mesenchymal villi have thick trophoblast surfaces with
large numbers of Langhans’ cells, which are interposed
between syncytium and the trophoblastic basal lamina on
50% to 100% of the villous surfaces (Castellucci et al.,
1990, 2000).

The stroma is characterized by loosely arranged colla-
gen fibers that enmesh mesenchymal and some Hofbauer
cells (Fig. 7.14). Condensed collagen is sometimes
observed.

they are invaded by cytotrophoblast and finally by loose con-
nective tissue (villous sprout, V). The latter is the forerunner of
a new mesenchymal villus, which becomes established as soon
as the sprout is invaded by fetal vessels. x390.
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Fetal capillaries are poorly developed and never show
sinusoidal dilatation. Near the villous tips, capillary
lumens may still be occluded and are made up of a string
of endothelium (Figs. 7.13 and 7.14); several steps in the
formation of lumens can be observed.

The still unvascularized tips of mesenchymal villi are
referred to as villous sprouts. At their tips, the villous
sprouts continue into trophoblastic sprouts (Figs. 7.2,
7.12,and 7.13). In summary, the typical sequence of struc-
tures representing the process of villous sprouting is as
follows: syncytial sprout, trophoblastic sprout with a
central core of cytotrophoblast, villous sprout with some
connective tissue, and mesenchymal villus with fetal cap-
illaries (Fig. 7.13).

Function: During the first weeks of pregnancy, mesen-
chymal villi are not only the places of villous proliferation
but also the sites of maternofetal exchange and nearly all
endocrine activity. With advancing pregnancy and devel-
opment of more advanced villous types, their functional
importance is reduced to villous growth. At term, their
share in total villous volume is far below 1% (Fig. 7.15)
(Castellucci et al., 1990, 2000).

7. Architecture of Normal Villous Trees

Ficurk 7.13. This longitudinal section of a newly sprouting villus
demonstrates the various stages of the sprouting process: as the
first step, a group of syncytial sprouts (upper third, ss) is formed;
these become invaded by cytotrophoblast (trophoblastic sprout,
ts), followed by invasion by dense, avascular cellular stroma
(villous sprout, vs). Development of fetal capillaries marks the
transition into a mesenchymal villus (mv). The latter branches
from an immature intermediate villus (iiv), which was the starting
point of the sprouting process. Paraffin section, H&E. staining,
x560.

Immunohistochemistry of Villous Types

Villous classification is based on two parameters
(Kaufmann et al., 1979; Kohnen et al., 1996; see also fore-
going text):

e Differences in stromal structure (mesenchymal, reticu-
lar, or fibrous);

e Distribution of the various segments of the fetal vessel
system: (1) capillaries without media and adventitia;
(2) arterioles and venules with thin media and nonfi-
brous adventitia; or (3) arteries and veins with thick
muscular media and fibrous adventitia.

Consequently, immunohistochemistry of cytoskeletal
proteins within the villous stroma and the vessel walls
provides a useful tool for the identification of various
villous types. The above-mentioned differences in stromal
structure as well as the differences in vascular wall struc-
ture are reflected by different degrees of cytoskeletal
differentiation. According to Kohnen et al. (1995, 1996)
and Demir et al. (1997), the following mesenchymal
derivatives show a highly specific distribution pattern
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FiGure 7.14. Transmission electron microscopic cross section of
a transitional stage between a villous sprout and a mesenchymal
villus from the term placenta. This villus is characterized by
large, epithelioid connective tissue cells (CO) and capillary
sprouts. The latter consist of densely packed endothelial cells
(E) connected to each other by tight junctions, showing no or
only minimal lumens (inset), and surrounded by basal laminas.
The latter form sometimes thick convolutions (arrow). It is
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interesting to note that many of the villous sprouts and mesen-
chymal villi observed exhibit degenerative signs (compare the
highly vacuolated syncytiotrophoblast), which can be explained
by the fact that not all syncytial sprouts survive, depending on
the local circulatory conditions in the intervillous space. By this
selection, the shape of the villous tree is adapted to the intervil-
lous hemodynamics. x5200; inset x13,000. (Source: Demir et al.,
1989, with permission.)
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Ficure 7.15. Development of total villous weight and the
weight of the various villous types (in grams), from the 2nd
month p.m. until term. Abscissa, villous weight in grams per
placenta; ordinate, gestational age p.m. in months. The arrows
demonstrate the routes of transformation or formation of villi.
The lightly stippled areas around the arrows symbolize transi-
tional stages between closely related villous types. At term, the
mean villous weight per placenta amounts to 273 g. After mor-
phometric evaluation of representative histologic sections, this
weight can be assigned to the various villous types at term as
follows: stem villi (SV), 31g, 11%; transitional stages to imma-
ture intermediate villi, 24g, 9%; immature intermediate villi
(ITV), 9g, 3%; mesenchymal villi (MV), less than 1%; transi-

within the various villous types and can be identified
immunohistochemically by the expression of the cyto-
skeletal proteins listed (Table 7.1):

1. Undifferentiated mesenchymal cells express only
vimentin (V cells). They are the only fixed connective
tissue cells in undifferentiated mesenchymal villi.

2. Fibroblasts express vimentin and desmin (VD cells),
and partly even a-smooth muscle actin (VDA cells).
Together with the former cell type they make up the
stromal core in mesenchymal villi in later pregnancy as
well as in mature intermediate and terminal villi.
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tional stages to mature intermediate villi, 3 g, 1 %; mature inter-
mediate villi (MIV), 77g, 28%:; transitional stages to terminal
villi, 31 g, 11%; terminal villi (TV), 95g, 35%. Rough data for
earlier stages of pregnancy can be deduced from the diagram.
It must be pointed out that these data are preliminary, obtained
from only a few placentas. There is a considerable local and
interindividual variation. It becomes evident that the sum of
stem villi (SV) plus immature intermediate villi (IIV) decreases
throughout the last 3 months of pregnancy; the decrease can be
explained by a massive transformation of stem villi into fibri-
noid. (Source: Modified from Castellucci et al., 1990, with
permission.)

3. Myofibroblasts in addition to vimentin and
desmin are characterized by the expression of o- and
yv-smooth muscle actin (VDAG cells). These are the
typical representatives of immature intermediate
villi.

4. The highest stages of myofibroblast differentiation
are characterized by the additional expression of smooth
muscle myosin (VDAGM cells). These latter cells share
most but not all structural features with smooth muscle
cells (see Chapter 6). Their appearance characterizes the
transformation of an immature intermediate villus into a
stem villus.
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TaBLE 7.1. Immunohistochemical classification of villous types using monoclonal antibodies directed against various cytoskeletal

filaments
Villous type Stroma Vimentin Desmin o-sm-Actin Y-sm-Actin sm-Myosin Ultrastructure
Undifferentiated + 0 0 0 0 Mesenchymal cells
mesenchymal
villi
Differentiated + + 0 0 0 Mesenchymal and
mesenchymal reticulum cells
villi
Immature Reticular stroma + + 0 0 0 Reticulum cells
intermediate Fibrosed + + + 0 0 Fibroblasts or
villi surrounding of myofibroblasts
larger vessels
Inner adventitia of + + + + 0 Myofibroblasts
larger vessels
Stem villi Superficial cellular + + 0 0 0 Reticulum cells or
(in general) rim fibroblasts
Fibrous stroma + + + 0 0 Fibroblasts or
Myofibroblasts
Adventitia of larger + + + + Partly + Myofibroblasts
vessels
Type I stem Adventitia and + + + + in adventitia Partly + in Myofibroblasts
villi (caliber media of arteries and media of adventitia and smooth
>250mm) and veins arteries and muscle cells
veins
Type 1I stem Adventitia and + + + + only in media + in media Smooth muscle
villi (caliber media of arterioles of arterioles and cells
120-300 mm) and venules venules
Type I1I stem Adventitia and + + + + only in media + in media Smooth muscle
villi (caliber media of arterioles of arterioles cells
<150 mmh) and venules
Mature + + 0 0 0 Fibroblasts or
intermediate villi reticulum cells
Terminal villi + + 0 0 0 Fibroblasts or

reticulum cells

Source: Based on findings by Kohnen et al., 1996; Demir et al., 1997. Positive immune reaction (+), no immune reaction (0). For details see text.

Differentiation and Maturation of
Villous Types

The mechanisms of villous maturation have attracted
little attention, perhaps because they may seem to be
unimportant for the understanding of placental pathol-
ogy. This notion is supported by the experience that,
with conventional paraffin histology, it is difficult to iden-
tify the various villous types and stages of villous differ-
entiation. Direct structural evidence of villous
differentiation and maturation are usually lacking. Only
if one compares the villous trees of a mature placenta
(see Fig. 8.12) with early villous trees (see Fig. 8.1) does
one realize that important developmental steps must
have occurred.

Immunohistochemistry and availability of human
material from most stages of pregnancy enabled us to
consider the mechanism of villous maturation and dif-
ferentiation in some detail (Kaufmann, 1982; Castellucci

et al., 1990, 2000; Kohnen et al., 1996; Demir et al., 1997).
Further insights into the dynamics of the growth of the
villous trees can be obtained from their topologic analysis
of the branching patterns and their later comparison with
theoretical branching models (Kosanke et al., 1993). Our
insight is still superficial, and our conclusions are accord-
ingly preliminary. We believe, however, that we must
discuss this concern because clinical methods (e.g.,
chorion biopsy and Doppler studies) have caused renewed
interest; moreover, our understanding of the pathoge-
netic mechanisms of [IUGR depends on an understanding
of villous development.

Development of the Mesenchymal Villi

The first tertiary villi recognizable are represented by
mesenchymal villi (Castellucci & Kaufmann, 1982a). They
are derived from the following sources (Castellucci et al.,
1990, 2000):
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e Up to the 6th week p.m., the mesenchymal villi are
formed from primary villi via secondary villi (Boyd &
Hamilton, 1970). The numerous trophoblastic primary
villi are transformed into secondary villi by invagina-
tion of extraembryonic mesenchyme. Immediately
thereafter, the first capillaries form, giving rise to ter-
tiary villi, the mesenchymal villi considered here.

e Beginning from the 6th week p.m., the supply of
primary and secondary villi is exhausted and new mes-
enchymal villi are henceforth formed by vasculariza-
tion of trophoblastic sprouts. These structures are
trophoblastic outgrowths of the surfaces of mesenchy-
mal and immature intermediate villi and result from
trophoblastic proliferation (Figs. 7.12, 7.13, and 7.16).

Not all sprouts (i.e., fungiform outgrowths from the villous
surface) are signs of trophoblastic sprouting. Some repre-
sent stages of expulsion of apoptotic syncytial nuclei (see
Chapters 6 and 15), and others are simply flat sections of
villous surfaces (see Chapter 15) (Cantle et al., 1987). The
true trophoblastic sprouts correspond to the primary villi
of the early stages of placentation; the latter sprouts are
invaded by mesenchyme and transformed into villous
sprouts. These sprouts then correspond to secondary villi
of early development. The first signs of capillary forma-
tion mark the transformation into mesenchymal villi.

The concentration of Langhans’ cells is greater in
mesenchymal villi than in all other villi. In addition, the
mitotic index of villous cytotrophoblast, counted from
autoradiographs following *H-thymidine incorporation
and from immunohistochemical preparations using the
antibodies Ki-67, MIB-1, or proliferating-cell nuclear
antigen (PCNA) (Kohnen et al., 1993; Kosanke et al.,
1998), considerably exceeds that of all other villi. This fact
was not evident in previous publications (Moe, 1971;
Tedde & Tedde-Piras, 1978; Kaufmann et al.,, 1983;
Arnholdt et al., 1991) because the authors did not differ-
entiate among the various villous types.

Development and Fate of Immature
Intermediate Villi

Beginning between the 7th and 8th weeks p.m., mesenchy-
mal villi transform to immature intermediate villi. This
process is characterized by (1) an increase in villous diam-
eter; (2) the formation of the stromal channels (Fig. 7.7)
containing numerous macrophages (Enders & King, 1970;
Kaufmann et al., 1979; Castellucci & Kaufmann, 1982a,b;
Castellucci et al., 1984; King, 1987); (3) the transformation
of mesenchymal cells in structurally and immunohisto-
chemicallydifferentreticulumcellsandfibroblasts (Kohnen
et al., 1996); and (4) a decrease in thickness of syncytiotro-
phoblast and in the number of Langhans’ cells.

The reticular stroma is the most characteristic feature
of immature intermediate villi. It seems to play an impor-
tant role during transformation of these villi into fibrosed
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stem villi. According to G. Petry (personal communica-
tion, 1981), the accumulation of connective tissue fibers
is preceded by a similar reticular architecture of connec-
tive tissue cells during the course of early scar formation
in the skin. The significance of this stromal type appears
to be defined by the role of macrophages (Hofbauer
cells), which are involved in the remodeling of the con-
nective tissue (Scott & Cohn, 1982; Werb, 1983;
Castellucci et al., 1984; Takemura & Werb, 1984). There
is presently no specific function for the immature
intermediate villi, other than being a quickly growing
developmental precursor for stem villi (Fig. 7.16).
Development of additional immature intermediate
villi from mesenchymal villi gradually ceases at the end
of the second trimester (Castellucci et al., 1990, 2000;
Bukovsky et al., 1999). Their transformation into stem
villi, however, continues to term. Therefore, the number
of immature intermediate villi decreases steeply (Fig.
7.15). Sometimes they completely disappear before term.
It is common, however, that small numbers persist in the
centers of the villous trees and serve as growth zones.

Development of Stem Villi

The development of stem villi is closely related to the
formation of the immature intermediate villi. As early as
in the 8th week p.m., the central vessels of the proximal
segments of immature intermediate villi, near the chori-
onic plate, commence constructing a compact adventitia.
They thus slowly transform into arteries and veins.
Centrifugal expansion of the adventitia, paralleled by
transformation of reticulum cells and fibroblasts into
myofibroblasts, leads to a reduction of the adjacent retic-
ular connective tissue (see Chapter 8, Figs. 8.4 to 8.8).

The transition of immature intermediate villi into stem
villi is a gradual process. According to our definition, stem
villi are established as soon as the superficial sheet of
reticular connective tissue beneath the trophoblast is
thinner than the fibrous center surrounding stem vessels
(Figs. 8.5, 8.6) (Castellucci et al., 1990, 2000). Stem vessels
have then been transformed into arteries and veins or
arterioles and venules. The persistence of a small rim of
reticular connective tissue beneath the trophoblast in the
term placenta can be regarded as a reliable sign of pla-
cental immaturity (Kaufmann, 1981).

The formation of additional stem villi depends on the
availability of immature intermediate villi. Therefore,
the expansion of villous stems gradually ceases during the
course of the last trimester, as soon as most of the imma-
ture intermediate villi have been transformed and new
ones are no longer produced.

Increased stromal fibrosis outside stem villi is considered
to be a pathologic phenomenon. Such villi are usually
referred to as being fibrotic. Fox (1978) reported several
conditions that are commonly associated with fibrotic villi:
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Ficure 7.16. Routes of villous development during early and
late pregnancy. White arrows, transformation of one villous type
into another; black arrows, new production of villi or sprouts
along the surface of other villi. Upper half: First and second
trimester. Trophoblastic sprouts are produced along the sur-
faces of mesenchymal and immature intermediate villi. Via
villous sprouts, they are transformed into mesenchymal villi.
The latter differentiate into immature intermediate villi, which
produce new sprouts before they are transformed into stem
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villi. Lower half: Throughout the third trimester, the mesenchy-
mal villi become transformed into mature intermediate villi,
which later produce terminal villi along their surfaces. There is
no longer transformation of mesenchymal into immature inter-
mediate villi. The remaining immature intermediate villi differ-
entiate into stem villi. Thus, their number steeply decreases
toward term. Thus, the base for the formation of new sprouts is
also reduced, and the growth capacity of the villous trees gradu-
ally slows.
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1. Stromal fibrosis is a regular finding of peripheral
villi following fetal artery thrombosis.

2. It may also be found in inadequately vascularized
villi adjacent to areas of infarction.

3. In placentas from macerated stillbirths, increased
numbers of fibrotic villi have also been observed. Fox
(1978) concluded that this must be a postmortem change
because this feature is absent in placentas from fresh
stillbirths. This issue, however, is still debated and proba-
bly depends on the causes of fetal demise.

4. A marked increase of fibrosed villi may be found in
placentas of prolonged pregnancy.

Contrary to many other reports, Fox (1978) was unable to show an
association between villous fibrosis and fetal complications, such as
hypoxia or low birth weight. He thus refutes the theory that increased
stromal fibrosis is a response to uteroplacental ischemia. In his opinion,
it is more likely a result of reduced intravillous blood flow. This situation
may result in intravillous hyperoxic conditions as oxygen transfer from
the villi to the fetus is impaired (Macara et al., 1996; Kingdom &
Kaufmann, 1997; see following).

Development of the Mature Intermediate Villi

One of the most important steps for an understanding of
villous development occurs at the beginning of the last
trimester. At this time, the transformation of newly
formed mesenchymal villi into immature intermediate
villi switches to a transformation into mature intermedi-
ate villi (Figs. 7.15 and 7.16; also see Figs. 8.7 and 8.8)
(Castellucci et al., 1990, 2000). Little is known about the
factors causing this switch. The structurally most striking
event at this developmental stage (Kaufmann & Kingdom,
2000; Kaufmann et al., 2004) is the switch

e from branching angiogenesis, which is responsible for
the development of immature intermediate villi out of
mesenchymal ones,

e to nonbranching angiogenesis, which is necessary for
the growth of the long, poorly branched capillary loops
characteristic for mature intermediate villi developing
out of mesenchymal ones.

As will be dealt with later in this chapter, this switch from
branching to nonbranching angiogenesis is modulated by
a downregulation of vascular endothelial growth factor
(VEGF) and an upregulation of placental growth factor
(PIGF), as well as by respective changes of their receptors
KDR and fit-1 (for review see Kingdom & Kaufmann,
1997; Charnock-Jones et al., 2004; Kaufmann et al., 2004;
Mayhew et al., 2004). The factors, however, that trigger
this switch in growth factor expression still remain
unknown (see below).

Differing in two respects from immature intermediate
villi, the mature intermediate villi provide the matrix out
of which terminal villi develop, but they do not transform
into stem villi.

7. Architecture of Normal Villous Trees

Development of the Terminal Villi

The first terminal villi, as defined in the past (Kaufmann
et al., 1979; Sen et al., 1979), are produced soon after the
first mature intermediate villi are formed (Fig. 7.15;
see Table 8.1). The formation of terminal villi is closely
related to the longitudinal growth of capillaries within
the mature intermediate villi (see Figs. 7.19 and 7.23). As
soon as longitudinal capillary growth exceeds longitudi-
nal villous growth, the capillaries become coiled and form
loops (Kaufmann et al., 1985, 1988). Because of the
slender shape of these villi, the loops bulge on the tro-
phoblastic surface and finally protrude as grape-like out-
growths into the intervillous space. This process is not
accompanied by trophoblastic proliferation and, there-
fore, leads to considerable stretching of trophoblast. This
process results in numerous vasculosyncytial membranes
of terminal villi.

It follows that, in contrast to the development of other
villous types, the terminal villi are not active outgrowths
induced by proliferation; rather, they represent passive
formations caused by capillary coiling. Accordingly,
maldevelopment of terminal villi is always an immediate
consequence of abnormal fetoplacental angiogenesis.

e Impaired angiogenesis results in deficiency of terminal
villi (see Fig. 15.17).

e Overstimulated angiogenesis leads to the development
of large conglomerates of terminal villi (see Fig.
15.16).

The slight bends of the mature intermediate villi, at points
where terminal villi branch off (see Fig. 7.10A,D), illus-
trate the mechanical forces that have been active during
capillary growth and coiling. Terminal villi, at the surfaces
of stem villi and immature intermediate villi and derived
from coiling of paravascular capillaries, are the excep-
tions because these particular capillaries show less impres-
sive longitudinal growth (Leiser et al., 1985).

Angioarchitecture of Villi

Vascular Arrangement in Immature Villi

The first vascular nets formed in early placental villi show
no differentiation into arteries, veins, or capillaries (Demir
et al., 1989), a picture that changes around the 8th week
p.m. (cf. Fig. 7.23, stage I1I). As a consequence of fusion
of locally developed intravillous vascular nets with the
fetal vessels that invade the villous trees via the connec-
tive stalk (the forerunner of the umbilical cord), the feto-
placental circulation becomes established. Because of
pressure gradients between arterial and venous limbs,
differently structured vessel walls appear (see Fig. 8.3).
Connective tissue cells that aggregate around the endo-
thelial tubes in a circular fashion are the first steps in the
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formation of the walls of future arteries and veins. Nor-
mally, one artery and one vein are formed. The remaining
capillary net that surrounds the larger vessels is referred
to as the paravascular net. An example of this phenome-
non has been illustrated by Boe (1969) (see Fig. 7.18).
When he traced single vessels, he found numerous capil-
laries that formed shortcuts between arteries and veins
but also between neighboring arteries (arterioarterial
anastomoses). Because of the low blood pressure in the
vascular system, effective arteriovenous shunting is
unlikely.

The villus depicted by Boe (see Fig. 7.18) is consistent
with what we described as an immature intermediate
villus. It is an undifferentiated, still growing villous type
that can even be found in the mature placenta, although
in only small restricted groups. The small branching-off
villi described by Boe as “terminal villi” are likely newly
formed mesenchymal villi (see Figs. 7.12 and 7.18). As it
is typical for newly formed villi, their richly branched
capillary nets are connected only with the paravascular
net, rather than directly with arteries and veins. Only
after further development, as soon as some of their
capillaries have been transformed to arterioles and
venules, are direct connections to the fetal stem vessel
established.

Larger Vessels of Stem Villi

Large stem villi normally contain one artery in a nearly
central position. If not constricted or collapsed, the lumen
accounts for about one third of the villous caliber (see
Fig.7.3A).The endothelium is surrounded by a few layers
of smooth muscle cells. The adventitia is continuous with
the surrounding connective tissue without a sharp line of
demarcation. The artery is normally accompanied by a
corresponding vein. Its luminal width does not much
exceed that of the artery in most preparations owing to
the collapse occurring after delivery. In addition to the
two main vessels, varying numbers of smaller arterioles
and venules exist (Leiser et al., 1985; Kaufmann et al.,
1988).

The most peripheral generations of stem villi branch
or continue into mature intermediate villi and have diam-
eters ranging from 80 to 150um (Fig. 7.3B). The stem
vessels are represented by arterioles and venules (Fig.
7.17; also see Fig. 7.19) that are surrounded by one or two
layers of smooth muscle cells. The inconspicuous venules
have one, usually incomplete, layer of muscle cells. Some
are surrounded only by pericytes and correspond to the
collecting venules of Rhodin (1968), despite their differ-
ent diameter. Frequently, arterioles and venules of these
segments are so similar that they cannot be identified on
cross sectioning but only from reconstructions. For quan-
titative estimations of stem vessels, we refer to a survey
by Leiser et al. (1991).
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Paravascular Capillary Net of Stem Villi

Beneath the trophoblast, numerous cross sections of
capillaries with small calibers appear (Fig. 7.17; also see
Figs.7.19 and 7.24D). They belong to the paravascular net
(Boe, 1953). This system is derived from the subtropho-
blastic capillary net of the earlier immature villi. Because
of vascular obstruction during transformation of the
immature intermediate villi into stem villi, a rarefied and
poorly branching system of slender capillary loops devel-
ops. It can be seen in most stem villi depicted in the lit-
erature (Arts, 1961; Thiriot & Panigel, 1978; Habashi
et al., 1983; Leiser et al., 1985; Kaufmann et al., 1988). The
paravascular capillaries follow a straight course, mostly
parallel to the longitudinal axis of the villus. In our mate-
rial of mature stem villi, net-like connections have been
uncommon. We have seen such richly branched and dense
paravascular capillary nets as depicted by Burton (1987)
only in immature intermediate villi (Fig. 7.18) and in not
yet fully matured stem villi. We concede, however, that
our impression may be incomplete. The paravascular cap-
illaries are connected to the arteries and veins by short
arteriolar and venular segments, measuring up to 100 um
in length.

Only in rare cases do the paravascular capillaries show
focal sinusoidal dilatations. If this happens, the dilated
and coiling segments bulge on the stem villus surface and
form a terminal villus that arises from the stem villus
(Kaufmann et al., 1979; Burton, 1987) (Fig. 7.17C, upper
half). Such terminal villi are serially intercalated into the
paravascular net. According to our experience, this occur-
rence is rare (less than 5% of all terminal villi), whereas
Burton (1987) described it to be a regular finding.

When we traced individual paravascular capillaries
from their arteriolar beginnings to their venular ends, we
found an average length of 1000 to 2000 um. Arteriove-
nous and arterioarterial shortcuts, as described by Boe
(1953, 1969) for the earlier stages of development, could
no longer be detected in mature stem villi. There is there-
fore no real basis for speculations that the paravascular
net participates in the regulation of fetal blood flow
impedance as an arteriovenous shunting system.

The functional relevance of the paravascular capillary
net is still uncertain. Thiriot and Panigel (1978) suggested
that this was the site for effective fetomaternal exchange.
The long diffusion distances in these places make this
interpretation implausible. Moreover, the assumption by
Arts (1961) that the paravascular net may be of nutri-
tional importance for the stem villi, acting as a kind of
vasa vasorum, seems unlikely to us. The concentration of
oxygen and most nutrients in the surrounding intervillous
space considerably exceeds that in the fetal vessels. Thus,
the nutrition by direct diffusion from the maternal blood
is probably more effective. This finding is in agreement
with those of Zeek and Assali (1950) as well as Fox (1978),
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FiGure 7.18. Classical representation of the villous vasculariza-
tion by Boe (1969) represents an immature intermediate villus
with numerous mesenchymal side branches. The web-like
arrangement of the fetal capillaries protruding from the para-
vascular net of the immature intermediate villus into its sprout-
ing side branches is highly characteristic, not only for early
placentas but also for villous sprouting patterns in the term
placenta. As depicted in the foregoing pictures, it is normally
absent in the mature villous types. (Source: Based on findings
of Boe, 1969.)

who found not only survival of stroma but also increased
fibroblast proliferation and collagen production within
stem villi after fetal death.

Boyd and Hamilton (1970) described the paravascular
net to be simply a residual indication of better vascular-
ization during early stages of development. Keeping in
mind that the developmental forerunners of the stem villi
were immature intermediate villi with a well-developed
paravascular net (Kaufmann et al., 1988), the respective

<
<
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capillaries of the mature stem villi probably represent the
remains of the immature state where terminal villi with
their effective exchange system were absent and the
paravascular net had to sustain maternofetal exchange.
The development of better-vascularized terminal villi
during the course of the last trimester renders the para-
vascular capillaries largely nonfunctional.

Arrangement of Vessels in Mature
Intermediate and Terminal Villi

The mature intermediate villi serve as junctional seg-
ments between the most peripheral stem villi and most
of the terminal villi. Their vessels are direct continuations
of the smallest stem villous vessels (Figs. 7.17C and 7.19).
One or two small arterioles, with luminal diameters
ranging from 20 to 40 um, appear histologically as bare
endothelial tubes, accompanied by occasional muscle
cells. Precapillary sphincters, or comparable narrow seg-
ments with complete muscular coats as described for
other vascular beds (Rhodin, 1967), have not been identi-
fied. Rather, the terminal ends of arterioles continue
directly into one or two capillaries by a gradual reduction
of their diameters and loss of smooth muscle (Kaufmann
et al., 1985; Leiser et al., 1991).

Although the arterioles occupy a more central position
in the villous stroma, one or two venules can be found
more superficially. Surprisingly, their diameter usually
appears to be considerably smaller than that of the arte-
rioles, usually 15 to 20 um. In agreement with the classifi-
cation of Rhodin (1968), the term postcapillary venule
seems to be most appropriate because of the absence of
muscle cells and the existence of a nearly complete sheet
of pericytes. The most peripheral loops of the paravascu-
lar capillaries of the stem villi surround the terminal arte-
rioles and postcapillary venules. They extend to about
the middle of the mature intermediate villi (Figs. 7.17C
and 7.19).

In the distal half of the mature intermediate villi, the
paravascular capillaries are absent. Histologically, the

FiGure 7.17. Fetal vascularization of term placental villi based
on the spatial reconstruction of serial sections. A: Large stem
villi of the villous tree. ChP, chorionic plate; BP, basal plate; T,
truncus; I, IL, III, IV, rami chorii of the first to the fourth order.
The more peripheral branches depicted in this drawing are
ramuli chorii of the first to the tenth order. The marked periph-
eral ramulus with its terminal branches refers to part B. B:
Higher magnification of peripheral branches of the villous tree.
A peripheral stem branches into several mature intermediated
villi (slender) and one immature intermediate villus (thick). The
shaded rectangular area corresponds to the reconstructed
branches depicted in part C. C: Fetal vascular branching pat-
terns of a peripheral stem villus (above), continuing into a

mature intermediate villus, extending into several terminal villi,
reconstructed from a series of 2300 semithin sections. Length
and caliber of the villi are drawn on the same scale, whereas the
diameter of the vessels is reduced to two thirds (necessary
because of two-dimensional representation of a three-
dimensional system). Occasional spots of fibrinoid necrosis on
the villous surface are marked by hatching. Note that the capil-
lary loops of neighboring terminal villi are serially connected.
These are normally not continuous with the straight paravascu-
lar capillaries of the stem and mature intermediate villi, but
form a second independent capillary bed. (Source: Modified
from Kaufmann et al., 1988, with permission.)
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FiGURE 7.19. Arrangement of the fetal vessels in a group of
terminal villi (stroma unstained) derived from one mature
intermediate villus (green dotted stroma). Based on a three-
dimensional reconstruction of the peripheral branches of a
mature villous tree. Note the highly complex loop formation of
the terminal fetal capillaries. Branching is usually followed

distal segment can easily be differentiated from the more
proximal segments by the absence of larger vessel cross
sections and the absence of vessels in the center of the
stromal core; most capillaries are located directly beneath
the trophoblast. In most cases, the abrupt end of the
paravascular “net” causes a sharp line of demarcation
between the more proximal segments, which are rich in
capillaries, and the distal, less vascularized part (Figs.
7.17C and 7.19).

The terminal capillaries are different from the mostly
straight paravascular capillaries and are characterized by
the formation of loops and coilings. Focally dilated seg-
ments may bulge against the trophoblast and thus form
vasculosyncytial membranes, knob-like protrusions, or
even terminal villi. As one approaches the peripheral end
of the mature intermediate villus, the number and extent
of capillary coilings increases and so does the number of
terminal outgrowths that cover the surface of the mature
intermediate villus (Figs. 7.17, 7.19, and 7.20). At its end,
the mature intermediate villus regularly branches into a
cluster of terminal villi (Fig. 7.20).

There is no sharp demarcation between mature inter-
mediate and terminal villi. Increased capillary coiling,
accompanied by increased sinusoidal dilatation and
reduced stromal connective tissue, is responsible for the
structural differences. The descriptive name “terminal
villus” is used for those villi

1. that contain no vessels other than capillaries and sinu-
soids, and

2. in which the vascular lumens comprise at least one
half of the stromal volume (Kaufmann et al., 1979,
1985).
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shortly later by refusion of the two capillary branches. Such a
branching pattern avoids basal shortcuts. Each erythrocyte must
pass the terminal capillaries of several terminal villi in their full
length. Local dilatations, so-called sinusoids, reduce blood flow
impedance. Blue, fetal arteries and arterioles; lilac fetal villous
capillaries and sinusoids; red, fetal villous venules and veins.

Depending on the level at which such terminal villi are
sectioned, their histologic appearance is highly variable.
An example is depicted in Fig. 7.20. The capillary loops
of the peripheral terminal villi are direct continuations of
terminal arterioles. According to our experience, they
show only on occasion cross-connections to peripheral
loops of the paravascular capillaries, described as a
regular feature by Arts (1961). It is of particular impor-
tance to note that the capillary loops of neighboring ter-
minal villi are serially connected to each other (Figs.
7.17C, 7.19, and 7.20A). Fetal blood leaving a terminal
arteriole and entering the terminal capillaries normally
passes through the capillary loops of three to five termi-
nal villi in series before entering a postcapillary venule.
This passage is responsible for the length of terminal
capillaries, which we measured as ranging from 3000 to
5000pum (Kaufmann et al., 1985). Shortcuts at the base of
terminal capillary loops are the exception, so that each
erythrocyte has to pass the full length of the capillaries.
As reported earlier, the paravascular capillary loops
measure only 1000 to 2000 um in length.

When one looks at casts of vessels such as those
depicted in Figure 7.20, it seems that the terminal capil-
lary bed is made up of a highly branching network, and
it has usually been described as such (Boe, 1953, 1968;
Arts, 1961; Boyd & Hamilton, 1970; Thiriot & Panigel,
1978; Habashi et al., 1983; Burton, 1987). In contrast,
our reconstructions of terminal vessel beds revealed
only a low degree of branching. When discussing this
discrepancy, Burton (1987) stated that “the superimposi-
tion of SEM [scanning electron microscopy| images can
lead to mistaken estimates of the incidence of vessels
joining, but it cannot be denied that branching and union
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Ficure 7.20. Fetal vascularization of terminal villi. A: Cast of
vessels from a neck region (right) branching into three terminal
villi. Comparable to mature intermediate villi, the capillaries of
the neck region are strikingly straight and arranged in parallel;
however, the diameter of the villus is much smaller. x520. Cor-
responding semithin sections of the neck region (B), the basis

between capillaries does occur within terminal villi. The
problem may be only one of degree....” We admit that
our results were obtained from the reconstruction of only
a few cases (Kaufmann et al., 1985); it is our opinion,
however, that the more likely explanation for the discrep-
ancy is one of definition. Branching, with directly subse-
quent union, is indeed a frequent feature (Fig. 7.19). It
must not be confused with the establishment of true,
complex intravillous capillary nets, which offer the possi-
bility of basal shortcuts. The latter arrangement might
considerably shorten the individual capillary length. On
the other hand, a high degree of coiling with serially
intercalated branching and direct fusion has no influence
on the mean capillary length. This difference may have
physiologic importance for fetal blood flow impedance.
Jirkovska and coworkers (1998) have shown that three-
dimensional reconstructions of terminal villi using confo-
cal microscopy are a useful approach to solve these
questions. This is particularly valid if sophisticated
methods of tissue preparation are applied such as dual
perfusion fixation (Larsen et al., 1995).
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of the branching terminal villi (C), a single terminal villus near
its tip (D), and a flat section of the terminal villous tip (E). The
fetal capillaries and the highly dilated sinusoids amount to more
than 50% of the stromal volume as long as postpartal collapse
can be avoided by early fixation. x630. (Source: From Kaufmann
et al., 1988, with permission.)

Sinusoids of Terminal Villi

Sinusoids are focal capillary enlargements that attain
diameters to about S0mm (Figs. 7.11 and 7.20). They are
thought to be typical features of the mature placenta and
are not comparable to the sinusoids of liver, spleen, and
bone marrow, as the former possess a continuous endo-
thelium and complete basal lamina. Sinusoids thus differ
from conventional capillaries only by their increased
diameters.

In semithin sections, the sinusoids are normally posi-
tioned near the villous tips. Vascular casts, however, reveal
that they are randomly scattered over the full length of
the terminal capillaries, rather than dilatations of defined
segments (Kaufmann et al., 1985). They may narrow and
dilate serially several times (Fig. 7.19). Statistically, they
can be found more frequently near the villous tips and
along the venous limbs, as well as at points of branching
and fusion. The grade of dilatation and the degree of
tortuosity of the capillary loops seem to depend on each
other.
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We have measured the diameters of capillaries and sinusoids in semi-
thin sections and compared them to casts of vessels (Kaufmann et al.,
1985). The results, obtained with both methods, were largely consistent.
The mean diameters of capillaries and sinusoids of the mature placenta
varied from 12.2um (+0.58um) in vessel casts to 14.4um (£1.94um)
in semithin sections. The difference can be explained by different
degrees of shrinkage of the resins used for preparation. In our experi-
ence, the higher values seem to be more appropriate. The maximum
values were 39um in casts of vessels and 45um in semithin sections.
Depending on the method applied, 60% to 80% of the vessel lumens
had diameters larger than 10mm. Our data are largely consistent with
those reported by Becker (1962a), Becker and Seifert (1965), and
Boyd and Hamilton (1970).

The smaller diameters reported by Habashi et al. (1983) and O'Neill
(1983), the latter author giving a range of only 4 to 7 um, are probably
the result of incomplete filling of vessels of their casts and resin shrink-
age. Even more contradictory are the physiologic results published by
Penfold et al. (1981). These authors perfused capillaries with micro-
spheres of varying diameters and concluded that as many as 25% of
capillaries measure less than 4 um in diameter and virtually no capillary
exceeds 11um in diameter. Their results were based on the erroneous
assumption that narrow and dilated capillary loops are arranged in
parallel; their results must be refuted (Habashi et al., 1983). In fact,
the capillaries become narrow and dilate serially. Thus, when using
microsphere perfusion, the diameter for the narrowest segment of each
capillary loop can only be estimated. Even so, the value of 4mm for
25% of the capillary loops cannot be accepted.

Function: The functional relevance of the sinusoids has
caused much speculation. It is evident from the foregoing
description that the sinusoidal dilatation cannot be
regarded as dilated venous limbs of the capillary loops
that allow retarded venous backflow, as was discussed by
Nikolov and Schiebler (1973). The localization of most
sinusoids near the villous tips supports the conclusion of
Arts (1961) that the sinusoids locally decelerate blood
flow, thus providing ample opportunity for fetomaternal
exchange. This assumption is in agreement with the
finding that the sinusoids are regularly situated in conti-
guity with the epithelial plates (Boyd & Hamilton, 1970;
Nikolov & Schiebler, 1973, 1981; Schiebler & Kaufmann,
1981). These plates are thought to represent areas of
maximal diffusional exchange (Amstutz, 1960; Kaufmann
et al., 1974).

It is still a matter of dispute whether the reduced blood
flow velocity facilitates the maternofetal exchange or
whether the increased diffusion distance from the center
of sinusoids to villous surface negatively influences the
diffusion capacity. Another explanation for the existence
of sinusoids has been that they serve as functionally spe-
cialized segments devoted to specific transport processes.
Nikolov and Schiebler (1981) described two types of
endothelial cells. These findings, however, cannot serve as
arguments for a functional specialization of sinusoids
compared to narrow capillaries, as they seem to be evenly
distributed in both vessel segments.

We have discussed another explanation for the func-
tion of the sinusoids elsewhere (Kaufmann et al., 1985,
1987, 1988). It is remarkable that the sinusoids are pro-
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duced at the end of pregnancy (Becker, 1981), as soon as
the terminal villi achieve the highest degree of branching
and twisting and as the terminal capillary loops reach
their maximal length of 3000 to 5000pum. On the other
hand, sinusoids are largely absent in the shorter terminal
capillary loops of immature placentas and in the shorter
paravascular capillaries. Moreover, they are not found in
labyrinthine placentas such as those of the guinea pig
(Kaufmann & Davidoff, 1977) and chinchilla (Dantzer
et al., 1988), both of which are characterized by short fetal
capillaries, ranging from 500 to 1000um. We have also
studied some capybara placentas (Kaufmann, 2004). This
species is of the same suborder of caviomorph rodents as
the guinea pig and chinchilla but it has a much larger
placenta with fetal capillaries of about twice their lengths.
Its placenta shows fetal sinusoids. The same is true for the
goat placenta, which has long capillary loops comparable
to those of the human placenta (Leiser, 1987; Dantzer
et al., 1988).

According to the law of Hagen-Poiseuille, blood flow
resistance is reduced by the fourth power of the vascular
radius. It can be concluded that even limited and
focal sinusoidal dilatation of the long terminal capillary
loops may considerably decrease blood flow impedance
to such a degree that it no longer exceeds that in the
shorter paravascular capillaries. In this way, an even
blood flow distribution is guaranteed for all capillaries,
independent of their length and diameter. In addition,
for this low-pressure fetal circulatory system, the perfu-
sion of the huge extracorporeal organ becomes much
easier.

Fetoplacental Angiogenesis as the
Driving Force for Villous Development

As already noted before, the structural comparison of (1)
villous development with (2) vascular development within
the villi suggests that both processes depend on each
other. This impression is further substantiated by the
analysis of normally as compared to abnormally matured
terminal villous ramifications:

e More than 95% of terminal villi arise from the surfaces
of mature intermediate villi by simple bulging of coiled
capillaries (Kaufmann et al., 1985) (Fig. 7.19).

e “Hypermature villi” (Salvatore, 1968; Kaufmann, 1982;
Kaufmann et al., 1987), villi in maternal anemia
(Kingdom & Kaufmann, 1997; Kosanke et al., 1998),
and villi in ITUGR with abnormal but still preserved
end-diastolic (PED) flow in the umbilical arteries
(IUGR with PED) (Todros et al., 1999) show an
increased number of highly branched terminal villi,
together with highly branched capillary networks (see
Fig. 7.23).
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¢ In contrast, placentas from IUGR with ARED umbili-
cal flow exhibit nearly naked, unbranched mature
intermediate villi that continue in one single terminal
villus (Krebs et al., 1996; Macara et al., 1996; Kingdom
et al., 1997a,b). The terminal capillaries are much
shorter, and uncoiled, with only a few sinusoidal dilata-
tions (see Fig. 7.23).

We conclude from these observations that the develop-
ment of terminal villi is influenced by the balance of lon-
gitudinal growth of mature intermediate villi with that of
their capillary loops. The more capillary growth exceeds
the longitudinal villous growth, the more do the capillar-
ies become coiled. The single coils bulge against the sur-
faces of the mature intermediate villi and thus produce
the terminal villi. We interpret the terminal villi as passive
outpocketings, rather than the result of trophoblastic
proliferation.

Even more simplified, one can say that the placental
villous trees are fetoplacental vascular trees covered by
a flexible wrapping of trophoblast. The latter does not
shape the villi but rather follows the vascular shapes.

General Aspects of Placental Vasculogenesis
and Angiogenesis
Because of the obvious importance of formation of

vessels for the understanding of decisive steps of villus
development, some general principles of vasculogenesis
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and angiogenesis (Fig. 7.21) as well as the respective find-
ings in the placenta shall be summarized here (for review
see also Breier, 2000).

According to Folkman and Shing (1992), Risau and
Flamme (1995), and Risau (1997), formation of vessels
can be subdivided in two processes that differ regarding
mechanisms and control:

e Vasculogenesis involves de novo formation of blood
vessels from mesodermally derived precursor cells.
Throughout placentation, it takes place during the
development of the first villous vessels at the transition
from secondary to the tertiary villous stage (from day
18 through about day 35), and later in pregnancy during
formation of mesenchymal villi out of immature inter-
mediate ones.

e Angiogenesis is the expansion of a preexisting vessel
bed and involves creation of new vessel branches from
preexisting ones as well as longitudinal growth of
vessels. Throughout placentation it is the principal
mechanism for the development of the vascular supply
of immature intermediate villi, stem villi, mature inter-
mediate villi, and terminal villi.

Placental angiogenesis must be further subdivided regard-
ing its mechanisms and the geometry of the resulting
vascular bed (Kingdom & Kaufmann, 1997; Kaufmann &
Kingdom, 2000; Charnock-Jones et al., 2004) into of the
following categories:

FiGure 7.21. Diagrammatic survey of basic mechanisms of vasculogenesis and angiogenesis, their attribution to villous develop-
ment and their presumed paracrine control (red). For details see text.
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¢ Branching angiogenesis: This term describes a pattern
in which multiple sprouting of microvessels produces a
complex, multiply branched capillary web. This is the
principal type of angiogenesis from day 32 until about
week 24 during development of mesenchymal and
immature intermediate villi.

e Nonbranching angiogenesis: In this type of angiogene-
sis branching by sprouting is the exception. Rather, the
vascular bed expands by elongation of existing capil-
lary loops. This mode of angiogenesis starts at about
week 24 when mesenchymal villi start developing into
mature intermediate villi and the latter start producing
terminal villi. It lasts until term. Under pathologic con-
ditions it may become the only mode of angiogenesis.
Under normal conditions it takes place in combination
with branching angiogenesis.

Vasculogenesis 1: Origin of Hemangiogenic
Progenitor Cells (Days 15 to 21)

The first generations of placental villi develop by local de
novo formation of capillaries (vasculogenesis) rather
than protrusion of embryonic vessels via the umbilical
cord into the placenta. In the rhesus monkey (gestation
166 days), the onset of vasculogenesis is around day
19 postconception (King, 1987). The few existing respec-
tive data in the human (Knoth, 1968; Demir et al.,
1989) suggest a slightly later date, at about 21 days post-
conception, in four-somite embryos. At this stage, the
villous trees comprise solid trophoblastic primary villi
and secondary villi containing a villous core of loose
mesenchymal stroma invading from the exocoelomic
cavity.

Hertig (1935) formulated the classic theory that villous
mesenchymal cells and hemangioblastic cells are derived
from villous cytotrophoblast by in situ delamination. This
view hasbeenrefuted by all subsequent authors (Dempsey,
1972; Luckett, 1978; King, 1987; Demir et al., 1989), who
found that the villous mesenchyme is directly derived
from the fetus and invades the villi. The hemangiogenic
progenitor cells differentiate locally in the villi from the
fetally derived mesenchymal cells. The two cell types are
structurally similar.

Using the monoclonal antibody QBend10, which
detects the endothelial cell surface marker CD34, the
endothelial precursor cells (hemangiogenic progenitor
cells) can be demonstrated already from day 15 post-
conception onwards (Figs. 7.22, 7.23, and 7.24A). Within
a short period of time the originally dispersed
hemangiogenic progenitor cells form string-like aggre-
gates of polygonal cells (hemangiogenic cords), which
differ from their mesenchymal precursors by the
absence of cellular extensions and the presence of fewer
organelles. The narrow intercellular spaces between these
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cells are bridged by desmosomes and primitive tight
junctions (Fig. 7.22c). Extensions of surrounding mesen-
chymal cells are often integrated into these clusters.

A variety of angiogenic growth factors are involved in
angiogenesis and vasculogenesis (Table 7.2). Basic fibro-
blast growth factor (FGF-2 or bFGF) and its receptor
FGFR are thought to be involved in recruitment of
hemangiogenic progenitor cells. Its expression in human
placental villi has been described repeatedly (Ferriani
et al., 1994; Shams & Ahmed, 1994; Crescimanno et al.,
1995) but, due to shortage of respective material, never at
this early stage of pregnancy. Vascular endothelial growth
factor A (VEGF-A) and its receptor VEGFR-2 (KDR/
flk-1), which were found to be responsible for recruit-
ment, growth, and aggregation of the hemangiogenic pro-
genitor cells in other organs, are highly expressed in early
placental specimens (Sharkey et al., 1993; Ahmed et al.,
1995,1997; Wheeler et al., 1995; Shore et al., 1997; Vuorela
et al., 1997; Demir et al., 2004). In situ hybridization
and immunohistochemistry revealed that villous tropho-
blast and villous stromal macrophages are the main
sources of this cytokine (Sharkey et al., 1993; Ahmed
etal.,1995;Vuorela et al., 1997; Demir et al.,2004). VEGF-
A secretion by human trophoblast was also demonstrated
in vitro by Shore et al. (1997). The assumption that mac-
rophages and their cytokines are involved in these first
steps of capillary formation is in line with the finding that
macrophages differentiate locally in villous stroma even
prior to the development of hemangiogenic cords (Demir
et al., 1989). Knockout experiments in mice have also
highlighted the importance of VEGFR-2 for specification
and early differentiation of hemangioblastic precursors of
fetoplacental capillaries (Shalaby et al., 1995).

Vasculogenesis 2: Formation of Endothelial
Tubes (Days 21 to 32)

Lumen formation within the hemangiogenic cords and
thus formation of short segments of endothelial tubes
starts at day 21 postconception. This occurs by enlarge-
ment of the centrally located intercellular clefts that fuse
to become a larger lumen (Fig. 7.22c,d). We have never
observed lumen formation by fusion of intraendothelial
vacuoles, as this has been described in other organs
(Folkman & Haudenschild, 1980; Bir et al., 1984). Rather,
the fetoplacental capillary lumen in the human, as in
placentas of other mammals, always seems to form by
acquisition of a junctionally defined extracellular com-
partment within the hemangioblastic cords (guinea pig:
Davidoff & Schiebler, 1970; rhesus monkey: King, 1987;
human: Demir et al., 1989). The acquisition of such still
unconnected, isolated segments of capillaries (Fig. 7.23,
stage I) defines the transition from secondary to tertiary
villi.
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FIGURE 7.22. Vasculogenesis and angiogenesis in early and late placental villi. For further details, see text. (Source: Demir et al.,
1989, with permission.)
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Ficure 7.23. Villous development in relation to fetal vascular
development. Stage I: In the first stage (weeks 5 to 6 p.m.),
within mesenchymal villi (mv) fetal capillary segments are
formed by vasculogenesis (see Fig. 7.18). Stage II: In weeks 7 to
8 p.m. the primitive vessel segments fuse to form a simple net-
like capillary bed. Stage III: During development of immature
intermediate villi (iiv) from mesenchymal villi (mv) between
weeks 9 and 25 p.m., the preexisting capillary bed enormously
expands by branching angiogenesis. This process is likely to be
driven predominantly by vascular endothelial growth factor
(VEGF). Stage IV: During weeks 15 to 32 p.m., most of the
older immature intermediate villi are transformed into highly
fibrosed stem villi. In the course of this process, the centrally
located capillaries become transformed into stem vessels (arter-
ies and veins), whereas most of the peripheral capillaries
undergo regression. In the periphery of these primitive stem
villi, mesenchymal villi (mv) are transformed into mature inter-
mediate villi (miv) by nonbranching angiogenesis, resulting in
considerable elongation of preexisting capillary loops. The
switch from branching angiogenesis toward capillary regression
and nonbranching angiogenesis, respectively, is likely to be con-
trolled by increasing levels of placental growth factor (PIGF)
and decreasing levels of VEGF. Stage V: Throughout the last
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trimester (weeks 25 to 40 p.m.), generally increasing levels of
angiogenetic growth factors stimulate longitudinal capillary
growth within the mature intermediate villi; as a consequence,
elongation of capillary loops exceeds elongation of the villi
themselves. This difference results in coiling of the capillaries,
the coils bulging against the surface, thereby causing the devel-
opment of terminal villi (tv). Different types of terminal villous
development result from varying degrees of imbalance between
villous and capillary growth in context with prevalence of
branching or nonbranching angiogenesis (compare Fig. 15.5).
Prevalence of PIGF is responsible for predominance of non-
branching angiogenesis, resulting in long, filiform terminal villi
(stage Va), typical for postplacental hypoxia. The prevalence of
VEGF stimulates terminal branching angiogenesis, resulting in
highly branched convolutes of short and multiply notched ter-
minal villi (stage Vc), typical for preplacental and uteroplacen-
tal hypoxia. Well-balanced secretory levels of VEGF and PIGF
are responsible for a balance of branching and nonbranching
angiogenesis; thus, evenly formed grape-like terminal villi rep-
resent the dominating features in normal term pregnancy.
Green, collagen fibers; brown, vascular smooth muscle cells;
blue, endothelial tubes.
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Ficure 7.24. Stages of villous vasculogenesis and angiogenesis,
immunostained with the endothelial marker antibody Qbend10.
A:Day 15 to day 20 postconception. The antibody stains weakly
hemangiogenic cell cords (light brown). True capillaries are still
missing. X650. (Source: From Kaufmann & Kingdom, 2000, with
permission). B: Mesenchymal villi in week 7 p.m. The majority
of capillary cross sections have developed lumens. The capillar-
ies are still evenly distributed across the villous stroma. x320. C:
Immature intermediate villi at the end of the first trimester.
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Note the subtrophoblastic localization of richly developed cap-
illary nets. The remaining central vessels are the precursors of
arterioles and venules. x320. D: Terminal and mature intermedi-
ate villi (left) and a large-caliber stem villus (right) in week 20
p-m. Note the dense capillarization of the peripheral villous
branches, as opposed to the scarce capillarization of the stem
villus, largely consisting of superficially located paravascular
capillaries. x320. (Source: Kaufmann & Kingdom, 2000, with
permission).
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TaBLE 7.2. Expression of angiogenic growth factors and their receptors in normal and pathologic pregnancies

Growth factors and

their receptors Placental site of expression

Serum levels throughout
pregnancy

Data from pathologic
pregnancies

VEGF-A Trophoblast, Hofbauer cells,
vascular smooth muscle (1-5)

VEGF-B None detected (2)

VEGF-C Decidual NK cells (11)

VEGF-D None detected

PIGF Trophoblast (2,12)

VEGFR-1 (fit-1) Trophoblast, endothelial cells
(1,5,10,27)

Villous endothelial cells
(1,5,10,28)

Trophoblast (29 and S.
Charnock-Jones, unpublished)

Trophoblast (30-33)

VEGFR-2 (kdr)
VEGFR-3 (flt-4)

Soluble VEGFR-1 (sfit-1)

FGF-1 Trophoblast and vascular
smooth muscle (16,17)

FGF-2 Trophoblast and vascular
smooth muscle (16,17)

Ang-1 (5,19-21)

Ang-2 Villous trophoblast (5,19-21)

Tie-2 (Tek) Villous endothelial cells and
trophoblast (5,19-21)

HGF Villous core (22-24)

Met (HGF receptor) Trophoblast (22-24)

Total is increased in
preeclampsia; free VEGF-A
may be lower. Placental
VEGF-A immunostaining lower

Moderate increase of total
VEGF serum levels
throughout pregnancy
(including VEGF bound to

its antagonist sfit-1) (6,34) (6-10)
” o
” %
” o

Marked increase of PIGF
serum levels throughout
pregnancy, peaking at
weeks 28-32 (13,15)

Reduced in maternal plasma in
preeclampsia (13-15)

% %
% %
% %
% Increased in maternal plasma in

preeclampsia (10 and S.
Charnock-Jones, unpublished)

% %
% %
% %
% %
% %
% Placental HGF mRNA reduced in

IUGR,; circulating HGF
unchanged (25,26)

% No change in mRNA in IUGR
(25)

(1) Clark et al., 1996a; (2) Clark et al., 1998c; (3) Sharkey et al., 1993; (4) Shore et al., 1997; (5) Wulff et al., 2002; (6) Sharkey et al., 1996; (7) Lyall
et al., 1997; (8) Kupferminc et al., 1997; (9) Baker et al., 1995; (10) Zhou et al., 2002; (11) Li et al., 2001; (12) Khaliq et al., 1996; (13) Torry et al.,
1998; (14) Reuvekamp et al., 1999; (15) Chappell et al., 2002; (16) Shams & Ahmed, 1994; (17) Ferriani et al., 1994; (18) Di Blasio et al., 1997; (19)
Dunk et al., 2000; (20) Ahmed & Perkins, 2000; (21) Zhang et al., 2001; (22) Clark et al., 1996b; (23) Kilby et al., 1996; (24) Uehara et al., 1995;
(25) Somerset et al., 1998; (26) Clark et al., 1998a; (27) Ahmed et al., 1995; (28) Vuckovic et al., 1996; (29) Helske et al., 2001; (30) Banks et al.,
1998; (31) Hornig et al., 2000; (32) He et al., 1999; (33) Clark et al., 1998b; (34) Evans et al., 1998.

Ang, angiotensin; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; IUGR, intrauterine growth restriction; PIGF, placental growth
factor; VEGEF, vascular endothelial growth factor; %, no data available; ”, identical as above.

Extended and modified after Charnock-Jones et al., 2004.

Immunohistochemical studies have found that the
receptor VEGFR-1 (fit-1) is expressed on human
villous endothelium (Crescimanno et al., 1995; Clark
et al., 1996a; Vuckovic et al., 1996; Demir et al.,2004) but
also in villous macrophages and trophoblast (Ahmed
et al., 1995; Clark et al., 1996a). Analysis of knockout
animals by Fong et al. (1995, 1999) has suggested
that VEGFR-1 mediates the action of VEGF-A on
endothelial precursors. Interestingly, deletion of the
tyrosine kinase encoding intracellular portion of the
VEGFR-1 gene has no effect on vascular structures
(Hiratsuka et al., 1998), suggesting that it is the extracel-
lular portion of the molecule (i.e., the soluble VEGF

antagonist, sflt-1) that is required for placental vascular
development.

By day 28 postconception, most villi show clearly
defined, long, polygonal capillary lumens with surround-
ing endothelial cells becoming considerably flattened
(Fig. 7.22D,E). Additional mesenchymal cells are inte-
grated by their extensions into both the mesenchymal
network and the endothelial tubes (Fig. 7.22E). These
“juxta-hemangiogenic” cells are characterized by richly
developed rough endoplasmic reticulum and are consid-
ered to become pericytes (Dempsey, 1972; King, 1987).
Also their inclusion into the endothelial lining has been
discussed, since focal extension of these cells may even
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protrude between endothelial cells (Dempsey, 1972;
Challier et al., 1999).

As soon as capillary lumens have been formed, around
day 28 postconception, the first hematopoietic stem cells
develop by delamination from the primitive vessel walls
into the early lumens and start further differentiation
(Fig. 7.22E). These cells are not yet circulating since most
of the endothelial tubes are still isolated. Also an ana-
tomic connection via the cord to the embryonic circula-
tion does not exist yet. The latter is established a few days
later (between days 32 and 35 postconception) by fusion
of villous capillaries with each other (Fig. 7.23, stage II)
and with the larger, allantoic vessels. The latter are formed
by vasculogenesis within the allantois (Downs et al., 1998)
and thereafter spread in both embryonic and placental
directions and finally establish the connection between
intraembryonic and placental vascular beds.

Angiogenesis 1: Branching Angiogenesis
(Day 32 to Week 25)

At around day 32 postconception many villous endothe-
lial tubes have created contact among each other (Fig.
7.23, stage II) and with the fetal allantoic vessels in the
presumptive umbilical cord. A primitive fetoplacental
circulation is established. From this data onward,
vasculogenetic de novo formation of capillaries out of
mesenchymal precursors is an exception that usually
can only be found at the tips of newly sprouting mesen-
chymal villi. Rather, further expansion of the villous
vascular system until term mainly takes place by
angiogenesis.

The angiogenic processes from day 32 until term can
be divided into three periods that partly overlap:

1. Formation of capillary networks from day 32 to 25
weeks post conception by prevalence of branching
angiogenesis (Fig. 7.23, stage I1I)

2. Regression of peripheral capillary webs and formation
of central stem vessels mainly through weeks 15 to 32
postconception (Fig. 7.23, stage IV)

3. Formation of terminal capillary loops by prevalence of
nonbranching angiogenesis (25 weeks postconception
until term) (Fig. 7.23, stage V)

From day 32 postconception until the end of the first
trimester, the endothelial tube segments formed by
vasculogenesis are transformed into primitive capillary
networks by the interaction of two mechanisms: (1)
elongation of preexisting tubes by nonbranching angio-
genesis, and (2) ramification of these tubes by lateral
sprouting (sprouting angiogenesis; Carmeliet, 2003) and
possibly also by intussusceptive microvascular growth
(branching of a preexisting vessel by formation of an
endothelial pillar along the vessel lumen (Burri & Tarek,
1990).
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In the first generation of small-caliber villi (mesenchy-
mal villi), branching angiogenesis is less expressed and
the resulting capillary webs are only poorly developed
(Fig. 7.23, stage 1I; Fig. 7.24B). With increasing diameter
of the immature intermediate villi differentiating out of
the mesenchymal villi, branching angiogenesis is stimu-
lated and results in a dense two-dimensional network
which is located just below the villous surface (Fig. 7.23,
stage I1I; Fig. 7.24C).

Around the capillaries differentiation processes occur.
The endothelial tubes acquire an incomplete layer of
pericytes. First spots of basal lamina material are depos-
ited around the endothelial tubes and around the peri-
cytes from about 6 weeks postconception. Complete
wrapping of capillaries by basal lamina has been observed
only in the last 10 weeks of pregnancy (Fig. 7.22; Demir
et al., 1989).

In vitro experiments on the chorioallantoic membrane
of the chicken (Wilting et al., 1995,1996) have shown that
binding of VEGF to both of its receptors (VEGFR-1 and
-2) stimulates branching angiogenesis and results in highly
branched capillary webs. Expression of VEGF-A and
VEGFR-2 are most intense in these early stages of preg-
nancy. Whether they decline or moderately increase as
pregnancy advances is still a matter of controversy
(Jackson et al., 1994; Cooper et al., 1996; Sharkey et al.,
1996; Shiraishi et al., 1996; Vuckovic et al., 1996; Evans et
al., 1998; Kumazaki et al., 2002). By contrast, expression
of PIGF and the soluble form of VEGFR-1 (Crescimanno
et al., 1995; Clark et al., 1998b,c; He et al., 1999; Kumazaki
et al., 2002) have been found steeply to increase toward
term when branching angiogenesisis increasingly replaced
by nonbranching angiogenic mechanisms. Placental
growth factor binds selectively to VEGFR-1 and, in some
systems, appears to suppress sprouting angiogenesis (cho-
rioallantoic membrane of the chicken; Wilting, personal
communication). However, in other systems (rabbit
cornea and mouse skin), PIGF stimulates formation of
highly branched capillary networks (Ziche et al., 1997;
Odorisio, 2002).

Angiogenesis 2: Formation of Stem Vessels
and Regression of Capillaries in Stem Villi
(Weeks 15 to 32)

In the third month of pregnancy differentiation of stem
villi out of immature intermediate villi is started: some of
the centrally located endothelial tubes of immature inter-
mediate villi achieve larger diameters of 100um and
more. Within a short period of time, they establish thin
sheaths of contractile cells expressing o- and y-smooth
(sm) actins in addition to vimentin and desmin. This is
followed soon afterward by the expression of sm-myosin
(Kohnen et al., 1996; Demir et al., 1997). The surrounding
stroma shows concentric, centrifugally spreading fibrosis.
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These vessels are forerunners of villous arteries and veins.
In larger immature intermediate villi, the adventitia of
arteries and veins fuse, thereby forming a fibrosed stromal
core within the villus. As soon as more than 50% of the
reticular stroma of the former immature intermediate
villi is replaced by fibrosed stroma, this type of villus is
called a stem villus.

Establishment of the outer parts of vessel walls is
thought to be controlled by the balance of angiopoietin-1
(Ang-1), and angiopoietin-2 (Ang-2), interacting at their
receptor Tie-2 (Tek) (Hanahan, 1997). Accordingly, Ang-
1 and Ang-2 protein and messenger RNA (mRNA) have
been detected in perivascular cells of immature inter-
mediate villi (Geva et al., 2002) where differentiation of
stem vessels takes place.

In the course of pregnancy, fibrosis of the stroma of the
stem villi advances in a centrifugal manner toward the
villous trophoblast (Fig. 7.24D). In parallel, the superfi-
cial, subtrophoblastic capillary net become rarified into
few largely unbranched paravascular capillaries (Fig.
7.23,stage IV) (Arts, 1961; Leiser et al., 1985). The mecha-
nisms by which capillary regression occurs in stem villi
are unstudied, nor is it known whether Ang-2 and its
receptor Tie-2 (Hanahan, 1997), the lack of VEGF-A, or
the increase of PIGF is involved. The latter is under dis-
cussion since Cao et al. (1996) and Khaliq et al. (1999)
reported that PIGF may antagonize VEGF action and
thus suppresses angiogenesis. Interestingly, regression of
capillary nets in developing stem villi is contemporane-
ous with loss of trophoblast at the villous surface and
reduction of macrophages in the fibrosing stroma (own
data; Demir et al., 1997), both known to be rich sources
of VEGF-A (Sharkey et al., 1993, Ahmed et al., 1995,
Vuorela et al., 1997).

Angiogenesis 3: Prevailing Nonbranching
Angiogenesis (Week 25 to Term)

From about 25 weeks postconception until term, mesen-
chymal villi transform no longer into immature interme-
diate villi but rather into a new villous types, the mature
intermediate villi. These are slender (80 to 120 um diam-
eter), elongated villi (>1000um long) containing one or
two long, poorly branched capillary loops. Differentiation
of this new villous type out of mesenchymal precursors
becomes possible since the pattern of villous vascular
growth switches from prevailing branching angiogenesis
(leading to immature intermediate villi) to the preva-
lence of nonbranching angiogenesis (Kaufmann &
Kingdom, 2000).

Analysis of proliferation markers at this stage reveals
a relative reduction of trophoblast proliferation and an
increase in endothelial proliferation along the entire
length of the mature intermediate villi, resulting in non-
sprouting angiogenesis by proliferative elongation. An
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alternative mechanism of capillary elongation would be
intercalation (Rafii et al., 2002), that is, by recruitment of
circulating endothelial progenitor cells into existing vas-
cular endothelium; but currently there is no evidence to
support this.

The final length of these peripheral capillary loops
exceeds 4000um (Kaufmann et al., 1985, 1988). Most
importantly, they grow at a rate that exceeds that of the
mature intermediate villi themselves, resulting in coiling
of the capillaries (Fig. 7.23, stage V). The looping capil-
laries bulge toward the trophoblastic surface and thereby
contribute to formation of the terminal villi, the number
of terminal villi depending on the degree of capillary
elongation and the resulting degree of coiling (Fig. 7.23,
stage Va—c; Fig. 7.24D). Each of the terminal villi is sup-
plied by one or two capillary coils and is covered by an
extremely thin (<2 um) layer of trophoblast that contrib-
utes to the so-called vasculosyncytial membranes. Nor-
mally, the capillary loops of five to 10 such terminal villi
are connected to each other in series by the slender,
elongated capillaries of the central mature intermediate
villus (Figs. 7.19 and 7.24D).

Immunohistochemical studies on the expression pat-
terns of VEGF-A, PIGF, and their receptors give hints as
to their importance in villous angiogenesis. Expression of
VEGF-A and VEGFR-2 are intense early in pregnancy
and decline as pregnancy advances (Jackson et al., 1994,
Cooper et al., 1996, Shiraishi et al., 1996, Vuckovic et al.,
1996; Kumazaki et al.,2002) or at least increase much less
than placental weight does (Sharkey et al., 1996; Evans
et al., 1998). By contrast, expression of VEGFR-1 and
PIGF steeply increase toward term (Crescimanno et al.,
1995; Clark et al., 1996a; Kumazaki et al., 2002). Placental
growth factor is expressed in both villous syncytiotropho-
blast (Shore et al., 1997, Vuorela et al., 1997) and the
media of larger stem vessels (Khaliq et al., 1996, 1999).
Experiments on the avian chorioallantoic membrane
(Wilting et al., 1995, 1996) have shown that binding of
VEGF-A to its receptors results in sprouting angiogene-
sis and a highly branched capillary web. In contrast, PIGF
(which binds selectively to VEGFR-1) is reported to sup-
press angiogenesis (Cao et al., 1996).

As already indicated above, the role of PIGF may be
very complex. Initially, it was reported that this factor had
little potency in vitro to stimulate endothelial cell prolif-
eration. Therefore, it was suggested that PIGF functioned
either as a weak stimulator or, more likely, as an antago-
nist of the proangiogenic actions of VEGF-A (Cao et al.,
1996; Khaliq et al., 1999). However, Lang et al. (2003)
showed that PIGF in vivo stimulates proliferation of
microvascular endothelial cells in human term placenta,
and Ziche et al. (1997) showed that PIGF in vivo is a
potent stimulator of angiogenesis. Overexpression of
PIGF in mouse skin leads to a substantial increase in
vessel growth, and ischemic tissues can revascularize
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following PIGF treatment (Luttun et al., 2002; Odorisio
et al., 2002).

In spite of these contradictions, correlation of growth
factor data (Jackson et al., 1994, Cooper et al., 1996,
Sharkey et al., 1996; Shiraishi et al., 1996, Vuckovic et al.,
1996; Evans et al., 1998; Torry et al., 1998; Chappell et al.,
2002; Kumazaki et al., 2002) with development of the
villous angioarchitecture (Kaufmann et al., 1985, 1988,
Leiser et al., 1985; Kaufmann & Kingdom, 2000) suggests
that the final geometry of villous vascular bed is defined,
at least to some degree, by the balance of VEGF-A and
PIGF together with their receptors.

e Total circulating VEGF is high in early pregnancy
(Jackson et al., 1994, Cooper et al., 1996, Sharkey et al.,
1996; Shiraishi et al., 1996, Vuckovic et al., 1996; Evans
et al., 1998; Kumazaki et al., 2002), whereas circulating
PIGF is low (Torry et al., 1998; Chappell et al., 2002).
The predominance of VEGF in this period promotes
establishment of richly branched, low-resistance capil-
lary beds within mesenchymal and immature inter-
mediate villi, both of which prevail during the first two
trimesters of pregnancy.

e By contrast, in the second half of pregnancy VEGF
either decreases (Jackson et al., 1994, Cooper et al.,
1996; Shiraishi et al., 1996; Vuckovic et al., 1996;
Kumazaki et al.,2002) or shows only a moderate further
increase (Sharkey et al.,, 1996; Evans et al., 1998),
whereas PIGF levels steeply increase and peak between
weeks 28 and 32, the period of the most dramatic non-
branching angiogenesis. The balanced secretion of both
cytokines in this period or even the predominance of
PIGF and its receptor VEGFR-1 seems to block the
development of complex capillary beds to the benefit
of poorly branched terminal capillary loops in the last
trimester.

Oxygen and Oxygen-Controlled
Growth Factors as Regulators of
Villous and Vascular Development

Only a little is known concerning the control of villous
development. On the other hand, a broad variety of
pathologic conditions, such as genetic abnormalities but
also such as diabetes mellitus, maternal hypertension,
maternal anemia or pregnancy in high altitude, rhesus
incompatibility, and smoking during pregnancy, severely
affect villous and fetoplacental vascular development.
This list suggests that the villous and vascular matura-
tional processes are influenced not only by genes but also
by endocrine, metabolic, and environmental parameters.
From these, only the role of oxygen has been studied in
some more detail.
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The Special Role of Oxygen in the Placenta

When discussing effects of oxygen in the placenta, one
should be aware of the special role of this gas in the
placenta.

First, transplacental oxygen transfer is only one of
many villous functions; however, its particular impor-
tance becomes evident from the fact that it is nearly
the only villous function that, upon disturbance, within
a short period of time may cause fetal death. Because
of this, it is not surprising that the maternal oxygen
supply to the placenta has a stronger impact on villous
growth and differentiation than any other known
parameter.

Second and even more importantly, in most organs the
interactions among density of vascularization, tissue oxy-
genation, and capillary growth follow the same pattern: a
low degree of local vascularization results in insufficient
oxygen delivery to this tissue. The resulting tissue hypoxia
stimulates capillary growth and thus improves capillary
density and local tissue oxygenation. On the other hand,
optimum capillarization of a tissue under otherwise
normal conditions guarantees a high tissue oxygenation
and this, in turn, will block further angiogenesis.

By contrast,in placental villi tissue oxygenation appears
to be inversely related to the numerical density of fetal
capillaries since, rather than delivering oxygen to the
surrounding tissue, the latter extract it from the villi
(Kingdom & Kaufmann, 1997).

e Consequently, a low numerical density of fetal capillar-
ies because of reduced oxygen extraction by the fetal
circulation, results in increasing intraplacental oxygen
levels (Todros et al., 1999; Sibley et al.,2002), which, in
turn, may negatively impact on the already poor vas-
cularization (Charnock-Jones et al, 2004).

e And under otherwise constant conditions, high numeri-
cal densities of capillaries, resulting in high oxygen
extraction by the fetal circulation, would lower intra-
placental oxygen tensions (Todros et al., 1999; Sibley
et al., 2002) and thus further stimulate growth of the
already well-developed capillary bed (Charnock-Jones
et al., 2004).

Itis evident that, when exceeding certain limits, both situ-
ations are predetermined to develop vicious circles.

Types of Hypoxia and Its Effects on
Villous Development

Because of the above-mentioned inverse relationship
between the degree of capillarization and the level of
tissue oxygenation, the term hypoxia in pregnancy often
causes confusion. This is particularly true when the
hypoxic compartment is not exactly defined. Does the
hypoxia relate
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Ficure 7.25. Depending on the origins of fetal hypoxia, placental
oxygenation and placental structural reaction patterns to oxygen-
ation are different. In preplacental hypoxia the hypoxic mother
(anemia, cyanotic heart disease, high altitude, etc.) causes hypoxia
of placenta and fetus. In uteroplacental hypoxia the mother is
normoxic, whereas placenta and fetus are hypoxic as the result of
uteroplacental malperfusion. In both these conditions, placental
hypoxia stimulates angiogenesis and villous proliferation, which
may partly compensate for the hypoxic effects. By contrast, in
postplacental hypoxia mother and placenta are normoxic and only
the fetus is hypoxic from fetoplacental malperfusion; reduced
oxygen extraction from the placenta typically results in an intra-
placental pO, exceeding normal values. This high pO, inhibits
villous growth and accordingly causes the most severe degrees of
intrauterine growth restriction. Red point shading: oxygenation of
maternal blood. Blue point shading, oxygenation of fetal blood.
Dense point shading, oxygen partial pressure shows normal values
for that particular tissue; light point shading, oxygen partial pres-
sure is below normal. (Source: Kingdom & Kaufmann, 1997, with
permission.)

»
|

e to mother, uterus, placenta, and the fetus, or
e to uterus, placenta, and fetus, or
e only to the fetus?

Based on a respective international symposium 1996
in Banff, the following types of hypoxia in the fetoplacen-
tal unit have been defined (Kingdom & Kaufmann,
1997):

1. In preplacental hypoxia, the mother, the placenta,
and the fetus are hypoxic (Fig. 7.25). Underlying patholo-
gies include pregnancy at high altitude (Jackson et al.,
1987; Reshetnikova et al.,1993), maternal anemia (Piotro-
wicz et al., 1969; Beischer et al., 1970; Kadyrov et al.,
1998), and cyanotic maternal cardiac diseases. In this
condition, the peripheral placental villi show increased
branching angiogenesis with formation of richly branched
but shorter terminal capillary loops (Fig. 7.23, stage Vc).
These human data are consistent with animal experi-
ments in chronically hypoxic guinea pigs (Scheffen et al.,
1990) and chronically hypoxic sheep (Krebs et al., 1997),
in which both demonstrated increased branching angio-
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genesis. Interestingly, in the guinea pig, capillary diame-
ters were reduced under these conditions (Bacon et al.,
1984; Scheffen et al., 1990), whereas they were increased
in the sheep (Krebs et al., 1997). At the present time,
however, we do not understand which factors are respon-
sible for controlling capillary diameter in the human
placenta.

2. In uteroplacental hypoxia (e.g., preeclampsia with
preserved umbilical end-diastolic flow), maternal oxygen-
ation is normal, but because of impaired uteroplacental
circulation (Alvarez et al., 1970; for review, see Brosens,
1988), the placenta and fetus are both hypoxic (Fig. 7.25).
In this situation, peripheral placental villi similarly show
the formation of richly branching capillary networks

(Fig. 7.23, stage Vc), and fetal blood flow impedance is
normal or even reduced (Kiserud et al., 1994; Hitschold
etal.,1996). Preliminary Western blot data show increased
expression of VEGF and reduced PIGF values in placen-
tas of comparable cases (Ahmed et al., 1997), suggesting
that placental VEGF expression was upregulated in vivo
and caused the changes in angiogenesis.

3. In postplacental hypoxia (e.g., IUGR with absent
umbilical end-diastolic flow), the fetus is hypoxic whereas
the mother is normoxic and the placenta may show even
higher pO, levels than normal, a situation described as
placental hyperoxia (Fig. 7.25) (Macara et al., 1996;
Kingdom & Kaufmann, 1997; for commentary,see Ahmed
& Kilby, 1997). In this situation, the terminal villus
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capillaries are poorly developed, capillary branching is
virtually absent (Fig. 7.23, stage Va), and the resulting
fetoplacental flow impedance is considerably increased.
Perinatal mortality is more than 40% in these circum-
stances, and survivors of neonatal intensive care are at
risk of neurodevelopmental handicap. Similar situations
occur in locally restricted parts of the placenta as a con-
sequence of fetoplacental vessel obstruction (Panigel &
Myers, 1972; Fox, 1997). Preliminary Western blot data in
postplacental hypoxia suggest a pattern of angiogenic
growth factor expression in the placenta very different
from that of preeclampsia with preserved umbilical end-
diastolic flow, namely, a reduction of VEGF expression
and relative dominance of PIGF (Ahmed et al., 1997).

Several data support the view that the three variables
described above, (1) intraplacental oxygen partial pres-
sure, (2) the balance between VEGF and PIGF expres-
sion, and (3) the balance between branching and
nonbranching angiogenesis, depend on each other:

e In normal first trimester pregnancy, physiologic
intraplacental hypoxia favors VEGF expression and
branching angiogenesis.

¢ In normal third trimester pregnancy, increased intra-
placental pO, results in a slight prevalence of PIGF
expression and dominating but not exclusive non-
branching angiogenesis.

e In several pathologic conditions of third trimester
pregnancies, severe intraplacental hypoxia results in
prevalence of VEGF expression and marked branching
angiogenesis.

e FElevated placental oxygen pressures in severe early-
onset IUGR pregnancies (postplacental hypoxia) are
combined with the dominance of PIGF expression and
complete absence of branching angiogenesis in ter-
minal villi.

Evidence for Oxygen-Controlled
Fetoplacental Angiogenesis

Histopathologic and experimental studies have been
employed to study the response of fetal villous endothe-
lium to hypoxia (for review, see Kingdom & Kaufmann,
1977).

Histopathology: Complicated pregnancies suffering
from intrauterine hypoxia show villous “hypercapillariza-
tion” (Holzl et al., 1974); the same is true for placentas
obtained in pregnancies from high altitude (Jackson et
al., 1987; Reshetnikova et al., 1993) and those from cases
of maternal anemia (Kosanke et al., 1998).

Animal experiments: Experimental chronic hypoxia in
pregnant guinea pigs resulted in increased fetal capillar-
ization and in elevated CO, diffusion capacity (Bacon
et al., 1984). More detailed studies have revealed that this
was caused by stimulated sprouting and branching of
capillaries; the mean capillary length and the mean capil-
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lary diameter were reduced, and the number of parallel
capillary loops was considerably increased (Scheffen et
al., 1990). As the trophoblastic thickness also decreased,
the mean maternofetal diffusion distance was much
shorter when compared to normoxic placentas (Bacon et
al., 1984). Despite considerable species differences, later
repetition of these experiments in sheep revealed a
similar reaction pattern (Krebs et al., 1997).

In vitro culture: Using culture of villous explants, the
reaction of villous trophoblast to hypoxia was studied in
some detail (Tominaga & Page, 1966;Fox,1970; Amaladoss
& Burton, 1985; Ong & Burton, 1991); however, it is dif-
ficult to find experimental evidence for an endothelial
reactivity in explant culture, because the isolated and
unperfused fragments of fetal endothelial tubes tend to
disintegrate in culture.

Oxygen-Controlled Angiogenic
Growth Factors

The first evidence for the existence of oxygen-controlled
endothelial growth factors was obtained from experi-
ments with endothelial cell cultures (Werb, 1983; Ogawa
et al., 1991; Shreeniwas et al., 1991). Surprisingly, endo-
thelial cells showed reduced mitotic rates and reduced
motility when cultured under hypoxic conditions (Ogawa
et al., 1991; Shreeniwas et al., 1991). The addition of con-
ditioned medium obtained from hypoxic macrophages,
however, stimulated endothelial proliferation (Ogawa et
al.,, 1991). Moreover, the same authors showed that an
increased production of bFGF (FGF-2) by hypoxic mac-
rophages and enhanced expression of bFGF receptor by
the hypoxic endothelium were responsible for the
enhanced endothelial proliferation.

Since these pilot studies, the list of angiogenic growth
factors under discussion to mediate hypoxic signals in the
placenta has grown to include

e the platelet-derived growth factor B (PDGF-B) pro-
duced by villous cytotrophoblast or by endothelium
(Holmgren et al., 1991),

e acidic and basic fibroblast growth factor (FGF-1 and
FGF-2) (Ferriani et al., 1994; Shams & Ahmed, 1994;
Crescimanno et al., 1995),

e vascular endothelial growth factor (VEGF) (Sharkey
et al., 1993; Ahmed et al., 1995, 1997; Wheeler et al.,
1995; Shore et al., 1997; Vuorela et al., 1997; for review,
see Ahmed et al., 2000), and

e placental growth factor (PIGF) (Khaliq et al., 1996;
Ahmed et al., 1997; Shore et al., 1997; Vuorela et al.,
1997).

From this list, more recently only VEGF and PIGF and
their receptors have been studied in more detail regard-
ing their oxygen dependence

The balance between VEGF-A and PIGF secretion
may be regulated by oxygen partial pressures. It has been
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shown that the expression of VEGF and its receptors in
placental and related chorioallantoic tissues is upregu-
lated under conditions of reduced oxygen (Wheeler et al.,
1995; Wilting et al., 1995, 1996; Shore et al., 1997; Khaliq
et al., 1999), whereas PIGF expression appears to be
downregulated under hypoxic conditions (Shore et al.,
1997; Khaliq et al., 1999). These findings raise the ques-
tion of whether or not the switch (from VEGF-A domi-
nance in early pregnancy to PIGF dominance in the
second and third trimesters), together with the concomi-
tant changes in vascular geometry, result from increasing
intraplacental oxygenation reported by Rodesch et al.
(1992).

Throughout the last decade it was shown that oxygen-
control of growth factors is mediated by hypoxia-
inducible factor (HIF), which transcriptionally regulates
the genes of growth factors that are involved in develop-
mental, physiologic, and pathologic responses to hypoxia
(Epstein et al., 2001; Semenza, 2001; Pugh & Ratcliffe,
2003). The HIF-1 complex is a heterodimer composed of
a constitutively expressed HIF-1f subunit (also known as
ARNT, aryl-hydrocarbon receptor nuclear translocator)
and the hypoxia-dependent HIF-1o. subunit. The level
and transcriptional activity of this complex is precisely
regulated by the cellular oxygen concentration. In most
tissues, the level of the HIF-1o protein is acutely sensitive
to cellular oxygen concentration. Under normal oxygen
concentrations, the protein is rapidly destroyed, whereas
at low oxygen concentrations HIF-1a is stabilized and
accumulates within the cell. It then dimerizes with HIF-
1B to form an effective transcriptional activator. The
HIF-1 dimer binds to specific DNA sequences of the
hypoxia-responsive growth factors and activates tran-
scription of the latter.

So far only HIF action in extravillous trophoblast has
raised some interest. Relevant data on HIF action in
placental villi, however, are scarce. Among the few avail-
able data, those by Caniggia et al. (2000) suggest that
HIF-1a expression is high in the first trimester, as long as
intervillous pO, is low and that it decreases thereafter.
Unfortunately, the HIF data available at present are not
helpful in explaining the oxygen-controlled balance of
VEGF and PIGF secretion or the timing mismatch among
the increase in placental oxygenation, changes in growth
factor expression, and the switch in fetoplacental
angiogenesis.

The Timing Mismatch Between Changes in
Oxygenation and Morphologic Changes

Throughout pregnancy it is necessary to protect the fetus
from the potentially harmful effects of high oxygen
tensions (Burton, 1997; Burton & Caniggia, 2001; Hung
et al.,2001). Development and remodeling of the fetopla-
cental vasculature may be part of this protection. As men-
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tioned above, it is tempting to speculate about causal
interactions among changes in placental oxygenation,
the switch from VEGF-A dominance to PIGF dominance,
and the switch from branching to nonbranching angio-
genesis. Interestingly, there is a time lag of about 2 months
between the rises in intervillous pO, levels and perfusion
rates (after week 12, Rodesch et al., 1992) and the evi-
dence of morphologic changes (transition from mainly
branching to predominantly nonbranching angiogenesis
around week 25; Kaufmann & Kingdom, 2000; Mayhew,
2002). The explanation for this time lag may be that the
anatomic changes are considerably more protracted
than the rapid in vitro effects of altered oxygen tensions
on cultured cells. This situation possibly reflects the
difference between the acute (short-term and rapid-
onset) and chronic (long-term and delayed-onset)
responses to oxygen (Semenza, 2001). Sculpting the feto-
placental vascular network takes time and, if the placenta
as a whole is to function in a coordinated manner, vascu-
lar changes must be integrated with changes in other
villous compartments,especially the trophoblast (Mayhew,
2002).

Downregulation of VEGF-A and upregulation of PIGF
may occur almost contemporaneously with the oxygen
switch, although there is no direct evidence for this at
present. The time course of respective vascular adapta-
tion in the placenta is not known, but in the eye and in
tumors these events occur within just a few days (Alon
et al., 1995; Benjamin & Keshet, 1997). In the placenta
stimulated vascularization may take much more time
since the interactions between fetoplacental vasculariza-
tion and villous development are much more complex.
Regression of capillaries in immature intermediate villi,
together with establishment of a tunica media around
maturing vessels in developing stem villi, may begin at
about the time of the oxygen switch. The transition from
branching angiogenesis (in mesenchymal and immature
intermediate villi) to nonbranching angiogenesis (in
mature intermediate and terminal villi), however,involves
different generations of villi. Only when the key types of
villi for nonbranching angiogenesis (mature intermediate
villi) are generated, persistently-high pO, levels may
combine with low VEGF-A and high PIGF levels (and
changes in other, as yet unidentified, factors) to facilitate
nonbranching angiogenesis.

Intervillous pO, values seem to peak during the second
trimester (about 60mmHg at 16 weeks, Soothill et al.,
1986; Rodesch et al., 1992; Jauniaux et al., 2001). This is
in seeming contradiction to the assumption that, as preg-
nancy advances, also the fetal demand for oxygen will rise
further. Possibly the final drop to about 45 mm Hg at term
(Soothill et al., 1986; Rodesch et al., 1992; Jauniaux et al.,
2001) is a consequence of fetoplacental vascular remodel-
ing resulting in increased oxygen extraction from the
intervillous space.
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Oxygen and Villous Trophoblast

Histopathologic reports unanimously describe that the
amount of villous cytotrophoblast is increased in all those
pathologic conditions that are thought to be related to
intrauterine hypoxia (Fox, 1964, 1970; Piotrowicz et al.,
1969; Beischer et al., 1970; Kaufmann et al.,, 1977a;
Kosanke et al., 1998). Arnholdt and coworkers (1991)
found evidence that this is the result not only of an
increased mitotic index but also of a reduction of the
length of the cell cycle. In contrast, unusually good oxy-
genation of villi reduces the rate of proliferation as well
as the quantity of villous cytotrophoblast (Panigel &
Myers, 1971, 1972; Myers & Panigel, 1973; Kaufmann
et al., 1977a; Macara et al., 1996; for review, see Kingdom
& Kaufmann, 1997).

In addition, the villous syncytiotrophoblast is affected
by hypoxia as was shown experimentally by Tominaga
and Page (1966) and Ong and Burton (1991), and in
pathologic specimens (Alvarez et al., 1969, 1970). It is
reduced in thickness and simultaneously increased
numbers of syncytial knots are produced, the nuclei of
which show signs of chromatin clumping and partly of
apoptosis. Tominaga and Page interpreted this as a sign
of adaptation by reducing diffusion distances. More strin-
gent stereologic studies have suggested, however, that the
changes are more likely caused by degenerative processes
(Ong & Burton, 1991). Recent experiments by Burton
pose the question of whether or not all insults seen after
ischemic/hypoxic periods are in fact due to lack of oxygen;
the authors found that damage by oxygen radicals in the
reoxygenation period may be even more important
(Hung et al., 2002a).

Most in vitro studies on the effects of hypoxia have
been performed on villous explants rather than on villous
cytotrophoblast cultures. For that reason it is still an open
question whether cytotrophoblast responds directly to
variations of the oxygen partial pressure, or whether this
response is mediated by factors released by other hypoxic
tissue components such as syncytiotrophoblast or villous
macrophages. There are several candidate mediators of
hypoxic signals: epidermal growth factor (EGF) may be
derived from maternal sources and is additionally pro-
duced by syncytiotrophoblast (for review, see Prager
et al., 1992); its mitogenic action on trophoblast has been
shown by Lysiak and coworkers (1992), and its receptors
have been detected on the syncytiotrophoblastic surfaces
(Rao et al., 1985) as well as on cytotrophoblastic mem-
branes (Miihlhauser et al., 1993). Transforming growth
factor-a (TGF-ar) (Lysiak et al., 1992) and tumor necrosis
factor-a. (TNF-or) (Hung et al., 2002b), the latter pro-
duced by macrophages (for review, see Hunt, 1989), and
colony-stimulating factor 1 (CSF-1) produced by mesen-
chymal cells (Jokhi et al., 1992; Shorter et al., 1992) are
other candidates. Finally, TGF-B;, and TGF-B,, both
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produced by macrophages (for review, see Hunt, 1989)
and by trophoblast (Graham & Lala, 1991), seem to be
involved in the regulation of syncytial fusion of the post-
proliferative cytotrophoblast to regenerate the hypoxi-
cally damaged syncytiotrophoblast. As already mentioned
above, oxygen-dependent regulation of most of these
cytokines involves HIF as hypoxia-responsive transcrip-
tional factor.

Oxygen and Villous Stroma

It is a common experience in pathologic studies of the
placenta that the villous connective tissue responds
to variations in the intrauterine oxygen supply. This is
nicely illustrated by the low degree of villous fibrosis
throughout the first trimester when intervillous pO, is
low, and the increasing fibrosis, for example, in stem villi
at the transition to the second trimester when placental
oxygen levels steeply increase. Chronic hypoxia results
in minimal fibrosis of the villi (Fox, 1978); in contrast,
higher levels of intravillous pO, increase villous fibrosis
(for example following intrauterine death when intra-
placental oxygen partial pressure, because of lacking fetal
oxygen extraction, approaches maternal arterial values)
(Panigel & Myers, 1971, 1972; Fox, 1978). Related in vitro
experiments with placental tissues are still to be done.
Possible mediators are macrophage products such as
TGF-B, which stimulates collagen-I transcription (Rossi
et al., 1988), or interleukin-1, which, among other func-
tions, regulates fibroblast proliferation (Schmidt et al.,
1982).

Oxygen and Intervillous Circulation

There are few data concerning hypoxic influences on the
maternal vascularization of the placenta. In the guinea
pig, volume and surface of maternal blood lacunae are
reduced under hypoxic conditions (Bacon et al., 1984). In
contrast, in human placentas from patients at high alti-
tude, the intervillous space was described to be increased
(Jackson et al., 1987). For the cow placenta, Reynolds and
coworkers (1992) have demonstrated maternal endothe-
lial mitogens of endometrial origin.

Numerous experimental data have been provided con-
cerning the influence of oxygen on trophoblast invasion
(Genbacev et al., 1996, 1997; Graham & McCrae, 1997,
Fitzpatrick & Graham, 1998; Zhou et al., 1998; Caniggia
et al., 2000). Trophoblast invasion triggers adaptation of
uteroplacental arteries to pregnancy conditions and thus
has an important effect on intervillous blood flow. Unfor-
tunately, these data are controversial. Therefore, no actual
conclusions can be drawn as to whether hypoxia affects
maternal blood flow to the intervillous space, and if so, in
which direction.
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Hormones as Regulators of
Villous Development

Even though it should be expected that villous develop-
ment is controlled by maternal and fetal hormones, there
are only very few relevant clinical indications. Reliable
experimental proof is completely missing. Here, we briefly
discuss data that look promising for future research.

Ovarian steroids are the most likely group of hormones to be
involved in placental development and probably represent the only
group of hormones that, in few cases, have been used for the treatment
of villous maldevelopment. The following examples may give an idea
of how ovarian steroids can influence villous development:

® Placentas from pregnancies complicated by IUGR and combined with
decreased or absent end-diastolic blood flow are characterized by
very homogeneous features of villous maldevelopment (Macara
et al., 1996). These are reduced trophoblastic proliferation rate,
reduced numbers of terminal villi, reduced total villous volume, poor
branching of terminal villous capillaries, increased terminal villous
fibrosis, and increased differentiation of villous myofibroblasts. The
functional consequences of these alterations are likely to be respon-
sible for the impaired fetal nutrition, as well as for the increased feto-
placental blood flow impedance. Several groups of investigators have
found evidence that third trimester treatment with gestagens (allylestre-
nol) decreased blood flow impedance and increased fetal birth
weight as well as placental weight (Kaneoka et al., 1983; Kurjak &
Pal, 1986; Marzolf et al., 1986). The only histologic study of these
placentas provided by Papierowski (1981) described a “stimulated
development” of villi. As far as we were able to see from Papierows-
ki's data, a numerical increase in immature, proliferating villous types
was responsible for the overall increased villous growth rate.

® In contrast, P. Prahalada (personal communication, 1982) found that
treatment of rhesus monkeys with higher doses of estrogens during
midpregnancy caused reduced placental and fetal growth rates. To our
knowledge, these placentas have not been studied histologically.

e The latter findings were supported by experimental data by Yallam-
palli and Garfield (1993), Chwalisz et al. (1994), and Garfield et al.
(1994). These authors induced symptoms of preeclampsia including
IUGR in rats and guinea pigs by blocking nitric oxide synthase by
I'NAME, and reversed these effects by treatment with gestagens.

The above data suggest that gestagens and estrogens may have antag-
onistic effects on villous development and differentiation. Possibly not
only the oxygen-controlled balance of VEGF and PIGF (see above) but
also both steroid hormones control the switch of mesenchymal villous
transformation either into continuously growing immature intermediate
villi or into differentiating mature intermediate villi.

Also insulin is under discussion regarding its influence on villous
development. The prevailing finding in placentas of diabetic mothers is
that of an overall increased proliferation rate of villous trophoblast,
villous stromal cells, and villous capillaries, resulting in large placentas
that are characterized by large-caliber villi with high cellular density
(Widmaier, 1970; Werner & Schneiderhan, 1972; Fox, 1978).

So far, all attempts have failed to demonstrate classic insulin effects
on the maternal side of the placental barrier, such as stimulation of
glucose uptake (Challier et al., 1986), of amino acid transport (Mont-
gomery & Young, 1982), and increase in glycogen levels in trophoblast
cells (Schmon et al., 1991). These negative results can be explained
by the low levels of insulin receptors on the syncytiotrophoblastic surface
during the second half of pregnancy (Jones et al., 1993; Desoye et al.,
1994, 1997).

On the other hand, direct growth-promoting effects of insulin (for
review, see Strauss, 1984) on the various placental tissues must be
considered.
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® In the first trimester, insulin receptors available at the maternal/
intervillous surface of villous trophoblast are expressed mainly along
the surfaces of sprouting segments of the villous trees (true tropho-
blastic sprouts, mesenchymal villi) (Desoye et al., 1994, 1997). This
finding indicates that maternal insulin might be involved in firstiri-
mester villous growth, which is mainly a result of trophoblastic pro-
liferation (Castellucci et al., 1990, 2000).

® In the last trimester, the highest immunoreactivities for insulin recep-
tors are found in fetal villous endothelium (Jones et al., 1993), in
particular in segments with capillary sprouting, such as mature inter-
mediate villi and terminal villus necks (Desoye et al., 1994, 1997).
In this period, expansion and differentiation of the villous trees
are mainly a result of capillary sprouting (Kaufmann et al., 1988;
Castellucci et al., 1990, 2000).

A switch in villous growth control from maternal insulin (with insulin
receptors along the maternal trophoblastic surface) in early pregnancy
to fetal insulin (with endothelial insulin receptors) in late pregnancy
would make sense because it would enable the fetus to control villous
differentiation in accordance with its own nutritional needs.

Also thyroid hormones are candidate regulators of villous devel-
opment. It is now recognized that in pregnancy, maternal thyroid func-
tion is mediated by the placenta (Fisher, 1983). The placenta plays a
maijor role in the synthesis and metabolism of the thyroid hormones: the
putative trophoblastic thyrotropin (Hershman, 1972) as well as human
chorionic gonadotropin (hCG) (Kennedy & Darne, 1991) stimulate the
maternal thyroid hormone production; thyroid-stimulating hormone
(TSH), triiodothyronine (Ts), thyroxine (T4), and thyroglobulin cannot
pass the placental barrier, while thyroid-releasing hormone (TRH),
iodine, and thyroid-stimulating immunoglobulins can (Cappoen, 1989).
Placental tissue as well as the decidua has a high nuclearbinding
capacity for T;. Therefore, Banovac et al. (1986) have suggested the
placenta to be a thyroid hormone-dependent tissue. Maruo et al.
(1991) have described stimulatory effects of maternal T; and T4 on tro-
phoblastic endocrine functions; moreover, they found that T; enhances
trophoblastic production of epidermal growth factor (EGF), a potent
trophoblastic mitogen, and concluded that thyroid hormone, in synergy
with EGF, regulates villous growth (Matsuo et al., 1993).

There are fewer data concerning the correlation of thyroid malfunc-
tion with placental function or development. According to experiments
in rats (Kumar & Chaudhuri, 1989), the levels of maternal thyroid
hormone secretion are positively correlated with fetal growth. Thorpe
Beeston et al. (1991) found significantly reduced maternal T, levels in
small-for-gestational-age fetuses combined with fetal hypoxemia and
acidemia.

All these data suggest that maternal thyroid hormones are involved
in villous development and thus influence placental transfer functions
for nutrients and gases. Relevant clinical data, however, are difficult to
inferpret. We have seen some placentas of hypothyroid mothers medi-
cated with thyroid hormones. The placentas of all of these cases were
characterized by stimulated nonbranching angiogenesis and corre-
spondingly reduced branching of terminal villi; partly, the respective
cases comprised persisting villous immaturity with predominance of
mature intermediate villi (see Chapter 15, Fig. 15.9) as well as [IUGR
with ARED flow in the umbilical arteries (Fig. 15.17). We found similar
features in two cases of untreated hyperthyroid mothers.

Intervillous Space as Related to
the Villous Trees

The human placenta is a hemochorial, villous placental
type. After leaving the spiral arteries, the maternal blood
circulates through the diffuse intervillous space and flows
directly around the villi. The maternal blood is outside
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the confines of the endothelium of the maternal vascular
system.

Width of the Intervillous Space

The anatomical investigations concerning the width of
the intervillous space suffer the disadvantage of having
been made on delivered placentas, which have lost con-
siderable amount of maternal blood during delivery. They
are also usually fixed without the in vivo maternal blood
pressure distending the intervillous space. Therefore, the
usual appearance of the intervillous space of the deliv-
ered placenta is that of a system of narrow intervillous
clefts. Hormann (1951, 1953, 1958a,b) and Lemtis (1955)
called it the intervillous cleft system. This view was sup-
ported by Becker (1962b), who attempted to reestablish
in vivo pressure conditions before fixation and found the
same narrow clefts. Becker described neighboring villi as
clinging closely to one another, the tips of some fitting
into notches of others, as in a jigsaw puzzle. Becker inter-
preted the occasional appearance of a wider intervillous
space (in conventional histologic material) as the result
of shrinkage. Freese (1966) also failed to demonstrate
an intervillous space of larger than capillary dimensions,
except for the subchorial lake. Boyd and Hamilton (1970)
contradicted these interpretations. According to their
experience from in vivo radioangiographs, the rapid filling
of the intervillous space is not compatible with a cleft
system of capillary dimensions.

Using the data for postpartal intervillous blood volume
(23.3% to 37.9% of the placental volume) and for the
villous surface (11.0 to 13.3m?) (see Tables 28.5 and 28.8),
we calculate the mean width of the intervillous space
(blood volume divided by one half of the villous surface)
as ranging from 16.4 to 32um. The villous surface must
be divided by 2 because it covers the clefts on both sides.
Bouw et al. (1976) demonstrated that late cord clamping
is responsible for a loss of intervillous volume, probably
owing to the decreasing turgor of the villi that border the
intervillous space (see Table 28.8). If we calculate the
mean width of the intervillous space with their data from
term placentas obtained after early cord clamping, it
amounts to 31.6um. One must bear in mind that there is
a considerable subchorial lake, and that wide spaces also
exist in the arterial inflow area. Thus, the real “intervil-
lous” volume is likely to be lower and the intervillous
clefts narrower. On the other hand, when one adds the
considerable loss of maternal blood during labor, we con-
sider that these calculations may be near the truth.

Also recent in vivo studies in various stages of preg-
nancy using color power Doppler ultrasonography with
three-dimensional (3D) option did not answer the ques-
tion as to the in vivo width of the intervillous space at
term (Konje et al., 2003). They suggest, however, that the
width of the intervillous space becomes considerably
reduced in the course of pregnancy: the 3D reconstruc-
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tions (Fig. 7.26B) revealed high maternal blood flow
velocities in the maternal inflow and outflow areas on
the intervillous space throughout the second and third
trimesters of pregnancy. In the second trimester even
between peripheral ramifications of the villous trees
minor maternal flows could be visualized, suggesting wide
intervillous clefts (>>100 um) with high flow velocities. In
the third trimester velocities and width of the intervillous
clefts between the peripheral villi were too small for
detection.

Organization of Villous Trees

Wigglesworth (1967) studied corrosion casts of fetal
vessels and suggested that most villous trees are arranged
“as hollow-centered bud-like structures” around a central
cavity. When he injected the spiral arteries, Wigglesworth
found the injection mass to collect in the loose centers of
the villous trees. This finding is in agreement with most
descriptions of the maternal arterial inlets as being
located near the centers of the villous trees (Schuhmann
& Wehler, 1971; Schuhmann, 1981), which direct the
bloodstreams into these centers (Panigel & Pascaud,
1968). The 50 to 200 maternal venous outlets of each
placenta are thought to be arranged around the periph-
ery of the villous trees. Thus, each fetomaternal circula-
tory unit is composed of one villous tree with a
corresponding, centrifugally perfused portion of the
intervillous space (Figs. 4.7, 7.26A, and 7.27A). This unit
was called a “placentone” by Schuhmann and Wehler
(1971) (for review, see Schuhmann, 1982).

Most placentologists agree that, under in vivo condi-
tions, most of the 40 to 60 placentones are in contact with
each other and that they overlap more or less broadly.
This supposition is highly probable, as structural border-
lines, such as placental septa, are absent (Becker & Jipp,
1963). It is our experience that the peripheral placentones
are more clearly separated from each other and thus
exhibit typical structural differences between their central
and peripheral zones. In the thicker, more central regions
of the placenta, most villous trees overlap (Figs. 7.26A
and 7.27A), causing less distinct differences between
maternal inflow and outflow areas of the placentone.

According to studies of Schuhmann and Wehler (1971),
the centers of typical placentones exhibit loosely arranged
villi, mostly of the immature intermediate type, and
provide a large intervillous space for the maternal arte-
rial inflow, the central arterial inflow area (Figs. 7.26A and
7.27). It is still uncertain if these large, loosely arranged
villi regularly delineate a central cavity as described by
Wilkin (1965). Schuhmann (1981) suggested that these
cavities are pressure-dependent in vivo structures that
rapidly collapse after delivery, and his suggestion is borne
out by ultrasonographic findings. If one accepts the con-
siderations of Moll (1981), the existence of such a central
cavity makes sense because it guarantees the rapid and
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FiGure 7.26. A: Typical spatial relations between villous trees,
single villous types, and the maternal bloodstream. According
to the placentone theory of Schuhmann (1981), a placentone is
one villous tree together with the related part of the intervillous
space. In the case of typical placentones (left half of the diagram),
which prevail in the periphery of the placenta, the maternal
blood (arrows) enters the intervillous space near the center of
the villous tree and leaves the intervillous space near the clefts
between neighboring villous trees. In the term placenta, the
larger stem villi (line shaded), the immature intermediate villi
(point shaded), and their tiny branches (unshaded) are concen-
trated in the centers of the villous trees, surrounding a central
cavity as maternal blood inflow area. The mature intermediate
villi (black) together with their terminal branches (black, grape-
like) make up the periphery of the villous trees, near the venous
outflow area. One or few villous trees occupy one placental
lobule (see Chapter 2, Fig. 2.2), which is delimited by grooves
in the basal surface of the placenta (see Fig.2.1B). In the central

B

parts of the placenta, the villous trees, because of size and
nearby location, may partly overlap (right half of the diagram)
so that the zonal arrangement of the placentone disappears.
(Source: Modified from Kaufmann, 1985, with permission.) B:
Corresponding in vivo photograph, generated by power-
Doppler ultrasonography with 3D option, shows two villous
trees, corresponding to those depicted in part A. The villous
trees are derived from villous trunci (t), which are connected to
the chorionic plate (cp). As is typical for the power Doppler
technique, the picture shows not only the larger vessels in cho-
rionic and basal plates but also the larger stem villi in which the
Doppler signals of arteries and veins add to each other. The
maternal arterial bloodstreams (“jets”) entering the intervillous
space (arrowheads), as well as the maternal venous blood
(arrow) leaving the intervillous space, are also seen. Since blood
flow velocities across the fetal cotyledons are too slow, the
remaining parts of the intervillous space are black. Near-term
placenta, x2. (Courtesy of Dr. Justin Konje, Leicester, UK.)



Intervillous Space as Related to the Villous Trees

A

Ficure 7.27. Placentone arrangement of villous trees. A: Hori-
zontal paraffin section across the marginal zone of a mature
placenta. H&E stain. Note the existence of three ring-shaped
placentones (fetal cotyledons), each single one composed of a
loose center (arterial inflow area), surrounded by a dense ring
of small peripheral villi (exchange area), and finally surrounded
by the loosely structured venous outflow area. x3.6. B: Higher

homogeneous distribution of blood into the surrounding
mantle of small, densely packed villi with little loss of
pressure.

The surrounding mantle is composed mostly of small
villi of the mature intermediate and terminal types and
provides the peripheral exchange area. The villi are densely
packed. Schmid-Schonbein (1988) described the intervil-
lous space in this zone as a system of randomly shaped and
oriented,interconnected clefts, or “connected voids.” With
respect to their topology, these clefts lack the regular con-
nectivity seen in dichotomously branching vascular beds.
The fixed relations of the latter vessels, which orient pres-
sure gradients, are not found in randomly connected voids
as in the intervillous space. This feature may be advanta-
geous under normal conditions, but it may also cause
hazards to the intervillous circulation.
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B

magnification of the placentone center of a fetal cotyledon.
Note the large empty appearing arterial inflow area, which is
bordered by some immature intermediate villi, easily recogniz-
able by their light staining. This immature center of the cotyle-
don is surrounded by a densely packed mantle of smaller villi
which provide the maternofetal exchange area. x20.

The most peripheral zone of a placentone, the venous
outflow area, is the loosely arranged area that separates
neighboring villous trees (Fig. 7.27A) and that, subchori-
ally, is connected to the subchorial lake. It collects the
maternal venous blood that has left the high impedance
area of the fetomaternal exchange zone of the densely
packed terminal villi. Moll (1981) called this the perilobu-
lar zone, which is functionally comparable to wide venules
of other vascular beds. It allows venous backflow under
conditions of low blood flow resistance.

The radioangiographic studies of Ramsey et al. (1963) in rhesus
monkey placentas, and those of Borell et al. (1958) in human placentas,
are consistent with the placentone concept. They demonstrated rapid
filling of the centers of the villous trees and called them “jets,” or
“spurts.” More recent physiologic concepts of intervillous circulation
(Moll, 1981; Schmid-Schénbein, 1988) do not agree with these terms,
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as the actual filling velocities amount to only a few centimeters per
second, which might not be enough to describe the driving force of a
fountain as implied by the terms jet or spurt. After passage of
the central cavity, a subsequent rather slow centrifugal spreading of the
blood toward the subchorial and peripheral zone was observed.
Wallenburg et al. (1973) ligated single spiral arteries in rhesus monkeys,
which resulted in obliteration of the infervillous space and degeneration
of the corresponding villous tree. This experiment demonstrated that
each villous tree depends on its own spiral artery. Even though the
intervillous space is a widely open, freely communicating system, villous
arrangement and pressure gradients are coordinated in such a way
that blood perfusion depends strictly on the original flow arrangement.
Reversal of the direction is impossible.

If one accepts these considerations, the immature intermediate villi,
together with their sprouting mesenchymal side branches (Figs. 7.26A
and 7.27B), are concentrated in the placentone center and are thus in
the zones of highest pO; in the intervillous space. Schuhmann's group
found that ®H-thymidine incorporation, as an index for the mitotic rate,
is twice as high in the center of the placentone as at the periphery
(Geier et al., 1975). This finding is in seeming contrast to several
experimental and histologic findings. The latter authors also suggested
that low oxygen concentration serves as a stimulus for trophoblastic
proliferation and villous sprouting (Alvarez, 1967; Alvarez et al.,
1970; Fox, 1970). The most likely explanation for this discrepancy is
that oxygen delivery to the centrally located large villi, those in the
central cavity and its close vicinity, is reduced owing to high blood flow
velocity and long diffusion distances. The adjacent densely packed
zones, although already located nearer the venous pole, probably have
a much higher oxygen delivery, as blood flow velocity is reduced in
the slender intervillous clefts and diffusion distances are short. This
situation results in high mean pO, values at the villous surfaces, which
is a prerequisite for effective maternofetal oxygen transfer. At the same
time, it inhibits villous proliferation and stimulates villous differentiation
in the placentone periphery.

These relations may be the basis for regulatory mechanisms. Wide
intervillous clefts in the periphery of the villous trees of immature pla-
centas, which lack fine and richly branched terminal villi, result in long
diffusion distances and high blood flow velocities—and thus in reduced
oxygen delivery. The resulting intravillous pO, in this area is low, which
stimulates villous sprouting and especially capillary sprouting (Bacon
et al., 1984; Scheffen et al., 1990). Increased capillary sprouting is
followed by the production of new terminal villi. The latter narrow the
intervillous space, reduce blood flow velocity and diffusion distances,
and thus increase oxygen delivery. Finally, the elevated pO, inhibits
further villous branching.

According to this hypothesis, the maternal bloodstream, oxygenation,
and villous branching act as limbs of a simple feedback mechanism
that regulates growth of the villous trees. As a further consequence, a
functional diversity of the placentone is obtained. Whereas the
centers act as proliferative zones that guarantee placental growth until
term, the periphery is the functionally fully active exchange and secre-
tory area. This situation has also been highlighted by the histochemi-
cally and biochemically higher activity of enzymes such as alkaline
phosphatase (Schuhmann et al., 1976) and by the higher conversion
rate of steroid hormones (Lehmann et al., 1973) in the placentone
periphery.

The zonal differences become evident only after the
development of mature intermediate villi, at the end of
the second trimester. Up to that time, the villous trees are
largely homogeneous. In most placentas, the immature
placentone centers are present until term, at least in the
more peripheral areas of the placenta. Only in cases of
preterm maturation of the placenta (hypermaturity,
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maturitas praecox) do we regularly find mature placen-
tone centers, resulting in a virtually homogeneous struc-
ture of the placentones. Thus, such a placenta has lost its
capacity to grow, as only the immature intermediate villi
and their immediate mesenchymal branches are able to
sprout and act as growth zones.

Histopathologic Importance of Inhomogeneity
of Villous Trees

For the histopathologist, the inhomogeneity of the villous
trees causes considerable problems of interpretation.
Because the average diameter of placentone is 1 to 4cm,
histologic sections often do not cover a representative
part of the placentone, which would comprise immature
growth zones as well as highly differentiated, mature
tissue. The prevalence of one or the other tissue may
influence the diagnosis. This danger is even greater when
one considers that placentones from various locations
may show varying degrees of maturation. Thus, even the
careful study of several sections from a given placenta
may lead to wrong interpretations. This point is of par-
ticular importance when performing morphometric eval-
uations of the placenta. Burton (1987) remarked that
“strict attention must be paid to the sampling regimen
if meaningful results are to be obtained. Sadly this has
not always been taken into consideration in the past, and
so many of the published claims must be qualified
accordingly.”

This problem is greater still when one uses small tissue
samples, such as semithin sections for light microscopy or
ultrathin sections for electron microscopy. Neither section
type allows a diagnosis concerning the degree of matura-
tion upon which one can rely. The same holds true for
samples obtained by aspiration from the intact uterus
(Alvarez et al., 1964; Aladjem, 1968), the placenta at
cesarean section (Schweikhart & Kaufmann, 1977), and
chorion villus sampling (CVS). While the latter samples
are of greatest value for genetic purposes (Hugentobler
et al., 1987), one must be careful with a histologic evalu-
ation of such material (Gerl et al., 1973; Ehrhardt et al.,
1974), even during early stages of pregnancy. In these
situations one does not have the problem of heterogene-
ity of the placentones but rather the problem of general
heterogeneity.

Fetomaternal Flow Interrelations

The efficiency of diffusional exchange (e.g., oxygen,
carbon dioxide, water), among other factors, depends on
the arrangement of fetal and maternal blood flows to
each other. As early as 1926 Mossman described counter-
current flow conditions in the rabbit placenta; neighbor-
ing maternal and fetal bloodstreams were thought to be
arranged in parallel but with opposite flow directions.
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Later, Mossman (1965) found the same condition to be
valid for the human placenta. This finding, however, is not
supported by anatomic or physiologic results. Rather, it
has been recognized for many years that the anatomic
arrangement of placental vascular pathways differs from
one species to another. For the human, we have described
three major morphologic objections to the existence of
countercurrent flow conditions (Kaufmann, 1985):

1. All villi would have to be oriented in the same direc-
tion, parallel to the maternal bloodstream. They are, in
fact, arranged at varying angles to each other because of
the structure of the villous tree.

2. Only one limb of the hairpin-like fetal capillary
loops is allowed to have interchange contact with the
maternal blood; in fact, both limbs normally exhibit
the same structure and the same diffusion distance to the
maternal blood.

3. According to the results of Lemtis (1969), one must
consider the possibility that considerable amounts of
venous maternal blood are recirculated by the arterial
“jet” before leaving the intervillous space. Thus, intrapla-
cental circulatory “orbits” are formed.

The anatomic situation and the physiologic effective-
ness of the human placenta are much more in agreement
with the concept of a multivillous flow arrangement
(Bartels & Moll, 1964; Moll, 1981). In this condition, the
maternal bloodstream crosses subsequent villi with
hairpin-like arranged fetal capillaries. It seems to be of
minor importance with which angle the maternal blood-
stream crosses the individual villi or whether the vessels
of the villi are serially connected to each other or arranged
in parallel. The multivillous blood flow is less effective for
diffusional transfer (Moll, 1981).

This difference may be the reason why 1g of human
placenta supplies only 6 g of fetus at term, compared to a
relation of 1:20 in the guinea pig with a countercurrent
flow placenta (see Chapter 4, Table 4.1) (Dantzer et al.,
1988). On the other hand, the multivillous arrangement
is structurally more flexible. It allows rearrangement and
adaptation to changing developmental conditions and
the continuous growth to a much greater extent. In this
respect, it is worthy of note that the highly effective
guinea pig placenta is small (about 5g) and functions for
only 68 days. The capybara (Kaufmann, 2004), which
belongs to the same suborder of rodents, has a structur-
ally closely related placenta but a much longer pregnancy
(150 days) and a much higher placental weight (150g),
but is less effective than the guinea pig placenta (1g of
placenta at term supplies 10g of fetus).
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Characterization of the Developmental Stages

This chapter is a synopsis and presents brief descriptions
of the average data of placenta and membranes through-
out the single stages of placental development. Embryo-
logic data concerning embryo and fetus are given only
insofar as they are of importance for the definition of the
stage. It is not the intention of this chapter to compare
data of various sources on a scientific level but rather to
present data that are directly applicable to the pathologic
and histologic examination of human material. For this
purpose, all data have been extrapolated and were stan-
dardized where necessary.

The data are based on the following publications:
embryonic staging according to O’Rabhilly (1973) and
Boyd and Hamilton (1970): crown-rump length (CRL),
embryonic and fetal weight, mean diameter of the chori-
onic sac, placental diameter and thickness, placental
weight according to Boyd and Hamilton (1970), O’Rahilly
(1973), and Kaufmann (1981); placental and uterine
thickness in vivo following Johannigmann et al. (1972);
length of umbilical cord according to Winckel (1893);
villous surfaces, villous volumes, and villous diameters
following Hormann (1951), Knopp (1960), Clavero-Nuiiez
and Botella-Llusia (1961, 1963), Aherne and Dunnill
(1966), Kaufmann (1981), Schiemer (1981), and Gloede
(1984); and mean trophoblastic thickness, distribution
of villous cytotrophoblast, mean maternofetal diffusion
distance according to Kaufmann (1972), Kaufmann
and Stegner (1972), Gloede (1984), and Kaufmann
(1981). For further details see the summarizing tables in
Chapter 28.

Stages of Development

Day 1 p.c. (p.c. = postcoitus) Carnegie stage 1: one fer-
tilized cell; diameter 0.1 mm.

Day 2 p.c. Carnegie stage 2a: from 2 to 4 cells; diameter
0.1 to 0.2mm.
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Day 3 p.c. Carnegie stage 2b: from 4 to about 16 cells;
diameter 0.1 to 0.2 mm.

Day 4 p.c. Carnegie stage 3: free blastocyst, from 16 to
about 64 cells; diameter about 0.2 mm.

Day 5 to early day 6 p.c. Carnegie stage 4: blastocyst
attached to the endometrium, from about 128 to about
256 cells; diameter 0.2 to 0.3 mm.

Late day 6 to early day 8 p.c. Carnegie stage 5a:implan-
tation, prelacunar stage of the trophoblast; the flattened
blastocyst measures about 0.3 x 0.3 x 0.15mm. The blas-
tocyst is partially implanted. The implanted part of the
blastocyst wall is considerably thickened, largely consist-
ing of solid syncytiotrophoblast. The still not implanted,
thin part of the blastocyst wall consists of a single layer
of cytotrophoblast. The embryonic disk measures about
0.1 mm in diameter.

Late day 8 to day 12 p.c. Lacunar or trabecular stage.

Late day 8 to day 9 p.c. Carnegie stage 5b: diameter
of chorionic sac 0.5 x 0.5 x 0.3 mm; embryonic disk about
0.1 mm. The syncytiotrophoblast at the implantation pole
exhibits vacuoles as forerunners of the lacunar system.

Day 10 to day 12 p.c. Carnegie stage Sc: diameter of
chorionic sac 0.9 x 0.9 x 0.6 mm. The vacuoles in the syn-
cytiotrophoblast fuse to form the lacunar system; first
lacunae at the antiimplantation pole. First contact of
lacunar system with eroded endometrial capillaries. Some
maternal erythrocytes may be observed in the lacunae.
Around day 11, implantation is complete; the defect in
the endometrial epithelium is closed by a blood coagu-
lum and is covered by epithelium on day 12. At the
implantation site, the endometrium measures Smm in
thickness; first signs of decidualization.

Day 13 to day 14 p.c.
(first free primary villi).

Carnegie stage 6, villous stage
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Day13p.c. The nearly round chorionicsac has a diam-
eter of 1.2 to 1.5 mm; length of embryonic disk is 0.2 mm.

Day 14 p.c. Diameter of chorionic sac 1.6 to 2.1 mm;
length of embryonic disk 0.2 to 0.4mm. First appearance
of primitive streak and of yolk sac.

With the expansion of the lacunar system, the syncy-
tiotrophoblast becomes reduced to radially oriented tro-
phoblastic trabeculae, the forerunners of the stem villi.
After invasion of cytotrophoblast into the trabeculae,
free trophoblastic outgrowths into the lacunae, the “free
primary villi”, are formed. The trabeculae are now called
villous stems. By definition, from this date onward, the
lacunae are transformed into the intervillous space. Cyto-
trophoblast from the former trabeculae penetrates the
trophoblastic shell and invades the endometrium.

Days 15 to 18 p.c. Villous stage (secondary villi).

Days 15 to 16 p.c. Carnegie stage 7: diameter of cho-
rionic sac about Smm; length of embryonic disk less than
0.9mm; appearance of notochordal process and primitive
node (Hensen).

Day 17to 18 p.c. Carnegie stage 8:diameter of embry-
onic sac less than 8 mm; length of chorionic disk less than
1.3mm. On the germinal disk, the notochordal and neur-
enteric canals, and primitive pit can be discerned.

Starting at the implantation pole and continuing all
around the circumference to the antiimplantation pole,
mesenchyme (derived from the extraembryonic meso-
derm in the chorionic cavity) invades the villi, transform-
ing them into secondary villi. The basal feet of the villous
stems, connecting the latter with the trophoblastic shell,
as well as some villous tips remain free of mesenchyme
and thus persist in the primary villous stage (forerunners
of the cell columns and cell islands).

Day 19 to 23 p.c. This is the beginning of the 2nd month
postmenstruation (p.m.), villous stage (early tertiary
villi).

Day 19 to 21 p.c. Carnegie stage 9: diameter of cho-
rionic sac less than 12mm; length of embryonic disk
equals the crown-rump length of the embryo, 1.5 to
2.5mm, 1 to 3 somites. Neural folds appear; first cardiac
contractions.

Day 22 to 23 p.c. Carnegie stage 10: diameter of cho-
rionic sac less than 15mm; crown-rump length 2.0 to
3.5mm; 4 to 12 somites. Neural folds start to fuse; two
visceral arches.

The villous mesenchyme is characterized by the appear-
ance of the first fetal capillaries (formation of first tertiary
villi). The villous diameters are largely homogeneous,
presenting two different-sized groups of villi. The larger
villous stems and their branches exhibit diameter of 120 to
250 um. Histologically, the stroma of both is mesenchymal
in nature. Along their surfaces, one finds numerous small
(diameters 30—60 um) trophoblastic and villous sprouts.
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Days 23 to 29 p.c. Early tertiary villus stage.

Days 23 to 26 p.c. Carnegie stage 11: diameter of the
chorionic sac less than 18 mm; crown-rump length 2.5 to
4.5mm; 13 to 20 somites; closure of the rostral neuropore;
optic vesicles identifiable.

Days 26 to 29 p.c. Carnegie stage 12: diameter of
chorionic sac less than 21 mm; crown-rump length 3 to
Smm; 21 to 29 somites; closure of the caudal neuropore;
three visceral arches; upper limb buds appear.

The length of villous stems between chorionic plate
and trophoblastic shell varies from 1 mm (antiimplanta-
tion pole) to 2mm (implantation pole). The central two
thirds are supplied with mesenchyme and capillaries (Fig.
8.1); the peripheral one third remains in the primary
villous stage (cell columns). The villous calibers are
similar to those described for the previous stage. The
amount of trophoblastic and villous sprouts is reduced.
Most villi contain loose mesenchyme together with cen-
trally positioned fetal capillaries (mesenchymal villi).
Peripherally, they continue via villous sprouts (with
unvascularized mesenchymal core) into massive tropho-
blastic sprouts. In the villous stems, vessels of larger
caliber acquire the first signs of a surrounding adventitia
(beginning of formation of typical stem villi characterized
by fibrous stroma). The villous trophoblastic surface is
composed of an outer syncytiotrophoblast and complete
inner layer of cytotrophoblast. Together they measure
20 to 30 um in thickness.

The chorionic plate, consisting of fetal mesenchyme,
cytotrophoblast, and syncytiotrophoblast, still lacks fibri-
noid. The trophoblastic shell is transformed into the basal
plate by intense mixing of decidual and trophoblastic
cells. Secretory activities or tissue necrosis of both cell
types causes the appearance of the first foci of Nitabuch
fibrinoid. The superficial syncytiotrophoblastic layer of
the basal plate, bordering the intervillous space, becomes
locally replaced by Rohr fibrinoid.

Days 29 to 42 p.c. Late 2nd month p.m.

Days 29 to 32 p.c. Carnegie stage 13: diameter of
chorionic sac less than 25mm; crown-rump length 4 to
6mm; 30 + somites; four limb buds and optic vesicle.

Days 32 to 35 p.c. Carnegie stage 14: diameter of
chorionic sac less than 28 mm; crown-rump length 5 to
8mm; first appearance of lens pit and optic cup.

Days 35 to 37 p.c. Carnegie stage 15: diameter of
chorionic sac less than 31 mm; crown-rump length 7 to
10mm; closure of lens vesicle; clear evidence of cerebral
vesicles; hand plates.

Days 37 to 42 p.c. Carnegie stage 16: diameter of
chorionic sac less than 34mm; crown-rump length 8 to
12mm; embryonic weight about 1.1g; retinal pigment
visible; foot plates.

The net weight of the chorionic sac in stage 16 is about
6 to 10 g; thickness of the chorion at the implantation pole



Ficure 8.1. Placental villi of the 6th week postmenstruation lacking. In the lower right corner, an early step of the formation
(p.m.). Note the thick trophoblastic covering, consisting of com-  of a cellisland can be seen attached to the villous surface. Paraffin
plete layers of cytotrophoblast and syncytiotrophoblast. Fetal — section. x125.

capillaries are poorly developed or, in some places, are still

FiGure 8.2. Placental villi of the 8th week p.m. All villi are vascularized. As can be seen from the diffuse stromal structure, the
villi still belong to the mesenchymal type. Paraffin section. x125. (From Kaufmann, 1981, with permission.)
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is about 6mm and at the antiimplantation pole about
3mm. The uterine lumen is still open, and parietal and
capsular decidua are not yet in contact.

The range of villous calibers changes slightly from
the previous stage (Fig. 8.2). The largest stems reach
diameters of less than 400um. A variety of medium-
sized mesenchymal villi is found between the stem villi
that measure about 200um in diameter and the small
sprouts. The mean villous caliber is about 200pum. The
total placental villous surface is about 0.08 m*. The con-
nective tissue layer of the chorionic plate is completely
fibrosed, the fibrous tissue partly extending in the initial
parts of the villous stems. The overwhelming share of
the villous stroma is still mesenchymal in nature. The
villous cytotrophoblastic layer is incomplete; 85% of
the villous surface is double layered (cytotrophoblast
plus syncytium). The thickness of the villous trophoblast
varies between 10 and 30um (mean, 15.4pum). Near
the end of this period, most of the mesenchymal villi
show increased numbers of macrophages, as well as the
first signs of reticular transformation of their stroma
toward immature intermediate villi. Only 2.7% of the
villous volume is occupied by fetal vascular lumens.
The mean maternofetal diffusion distance is more
than 50 um.

The villous stems are nearly completely occupied
by connective tissue; basal segments, persisting in the
primary villous stage, are the exception. Those segments
now show the typical appearance of cell columns.
Short portions of villous side branches, persisting in
the primary villus stage and that are positioned some-
where between chorionic and basal plate, may increase
in size by continuous cell proliferation with subsequent
fibrinoid degeneration; they thus establish the first cell
islands.

Third month p.m. 9th to 12th weeks p.m.; days 43 to
70 p.c.

Days 43 to 44 p.c. Carnegie stage 17: maximum diam-
eter of chorionic sac 38 mm; crown-rump length 10 to
14 mm; finger rays.

Days 44 to 48 p.c. Carnegie stage 18: maximum
diameter of chorionic sac 42mm; crown-rump length
12 to 16 mm. Elbow region, toe rays, nipples, and eyelids
appear.

Days 48 to 51 p.c. Carnegie stage 19: maximum diam-
eter of chorionic sac 44mm; crown-rump length 14 to
18 mm.

Days 51 to 53 p.c. Carnegie stage 20: maximum diam-
eter of chorionic sac 47mm; crown-rump length 17 to
22mm. Upper limbs at the elbow region; first signs of
finger separation.

Days 53 to 54 p.c. Carnegie stage 21: maximum diam-
eter of the oval chorionic sac 51 mm; crown-rump length
20 to 24mm.
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Day 54 to 56 p.c. Carnegie stage 22: maximum diam-
eter of the oval chorionic sac 58 mm; crown-rump length
23 to 28 mm.

Days 56 to 60 p.c. Carnegie stage 23: maximum diam-
eter of the oval chorionic sac 63 mm; crown-rump length
26 to 31 mm.

Days 61 to 70 p.c. Maximum diameter of the oval to
irregular chorionic sac 68 mm; crown-rump length 26 to
31 mm.

Days 61 to 70 p.c. Maximum diameter of the oval to
irregular chorionic sac 68 mm; crown-rump length 30 to
40 mm.

The embryonic weight increases throughout the 3rd
month from 2 g to 17 g and the net weight of the chorionic
sac from 10g to 30g. The chorionic sac is covered by villi
over its surface; it is not yet subdivided into smooth
chorion and placenta.

All villi are vascularized. Around the antiimplantation
pole, the increased degenerative changes of villi and fibri-
noid deposition in the intervillous space indicate that the
formation of the smooth chorion will commence soon.
Parietal and capsular decidua may come into contact
locally, but they remain unfused.

The heterogeneity of villous diameters and villous
structures increases. Fibrosis of the villous stems slowly
extends into the more peripheral parts of the largest villi
(diameters less than 500um). During the course of the
3rd month, most of the villi measuring between 100 and
400pum establish the typical reticular appearance of
immature intermediate villi (Fig. 8.3), characterized by
numerous macrophages (Hofbauer cells). Small villi with
diameters less than 100um show mesenchymal stroma.
Trophoblastic and villous sprouts are numerous. Total
villous surface is about 0.3 m? The trophoblastic thickness
varies from 10 to 20um. Eighty percent of the villous
surfaces are covered by cytotrophoblast. Fetal vessel
lumens occupy about 4% of the villous volume. Some of
the larger fetal vessels achieve a thick adventitia, consist-
ing of fibrous stroma, which occupies larger parts of the
villous stroma. The reticular stroma, as a sign of immatu-
rity of the stem villi, is restricted to the superficial parts
of the stroma positioned under the trophoblast.

In the previous stages fibrinoid was restricted to the
cell islands and the basal plate, but now spot-like fibrinoid
deposition at some of the villous surfaces can be observed.
Fibrinoid deposition at the intervillous surface of the
chorionic plate is still an exception. The amnionic cavity
has extended to such a degree that the amnionic meso-
derm comes into contact with the connective tissue layer
of the chorionic plate in many places.

Fourth month p.m.
weeks p.c.

The shape of the chorionic sac becomes more and more
irregular because of compression between uterine wall

13th to 16th week p.m.; 11th to 14th
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FiGure 8.3. Placental villi of the 12th week p.m. The larger villi
have achieved the reticular stroma of typical immature, inter-
mediate villi. The smaller villi are mesenchymal in structure. The

and fetus. Its maximum diameter increases throughout
this period from 68 mm to 80 to 90 mm. The crown-rump
length grows from 45mm to 80 mm, and the fetal weight
from 20g to 70g. The length of the umbilical cord is
between 160 and 200 mm.

The continuous degeneration of placental villi at
the antiimplantation pole, which is free of villi from the
middle of the 4th month onward, as well as the villous
proliferation at the implantation pole, initiates the differ-
entiation of the chorionic sac into smooth chorion and
placenta. The placental diameter increases from S0 mm to
75mm at the end of this month and the placental weight
from 30g to 70g. The maximal placental thickness in
the delivered specimens is 10 to 12mm. Numerous
placental septa become visible. The cell columns
become more deeply incorporated into the basal plate by
fibrinoid deposition in their surrounding. The chorionic
plate is in close contact with the amnion over its entire
surface, giving it definite shape and layering. It consists
of amnionic epithelium, amnionic mesoderm, chorionic
mesoderm, a cytotrophoblast layer, and superficial
syncytiotrophoblast.

The distribution of the villous calibers (Fig. 8.4) is
similar to that described for the preceding month. The
inhomogeneous mixture of villi is composed of stem villi

8. Characterization of the Developmental Stages

first small fetal arteries and veins can be seen. Paraffin section.
x125.

with diameters of 300 to 500 um, the vascular adventitia
of which occupies at least 75% of the villous stroma, and
of immature intermediate villi with diameters of 100 to
about 300 um. Mesenchymal villi and sprouts, 40 to 80 um
in diameter, are numerous, but because of their size they
occupy only a small proportion of the total villous volume.
Because the immature intermediate villi have the most
characteristic reticular stroma at this stage and comprise
the highest proportion of villi, one observes more villous
macrophages (Hofbauer cells) than at all other stages of
placental development. The total villous surface was mea-
sured to be 0.5 to 0.6m”. The share of fetal vessel lumens
is increased to about 6%. Some of the capillaries establish
contact with the villous trophoblast. In such places the
syncytial nuclei are moved aside, resulting in the first
epithelial plates; therefore, the trophoblastic thickness
varies between 2 and 12um (mean, 9.6 um). As during the
previous month, one observes cytotrophoblast on about
80% of the villous surface. Fibrinoid deposition becomes
a usual finding on the villous surfaces.
Fifth month p.m. 17th to 20th week p.m.; 15 to 18th
week p.c.

Because of the geometrically irregular outer shape of
the fetus, the diameter of the chorionic sac cannot be
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FiGUure 8.4. Placental villi of the 15th week p.m.The larger imma-
ture intermediate villi exhibit the first signs of central stromal
fibrosis, originating from the larger fetal vessels, thus establishing
the first stem villi (SV). Several typical immature intermediate

estimated from this period onward. Over the course of
the 5th month the crown-rump length increases from
80mm to 130mm and the fetal weight from 70g to 290 g.
The placentais clearly separated from the smooth chorion.
The placental diameter is between 7Smm and 100 mm,
and the placental weight increases from 70g to 120g. The
maximum placental thickness after delivery is about
12 to 15mm; measured by ultrasonography and in situ,
including the uterine wall, it is approximately 28 mm. The
length of the umbilical cord varies between 200 and
315mm.

The structure of the stem villi is nearly the same as in
the previous month; however, their number is consider-
ably increased throughout this month (Fig. 8.5). During
the 20th week p.m., most of the large caliber villi (those
exceeding 300um) have achieved the fibrous stroma of
stem villi. The number of slender, long mesenchymal villi
with diameters around 80 to 100 um increases. The mean
diameter of the remaining immature intermediate villi is
slightly reduced to values around 150um. The mean
villous diameter is 108 um. The total villous surface is
about 1.5m’ Because the amount of villous cytotropho-
blast is reduced to about 60% of the villous surface, the
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villi (IV) and mesenchymal villi (MV) can be seen. As is typical
for mesenchymal villi of the second and third trimester, they are
associated with degenerating villi being more or less transformed
into intravillous fibrinoid. Paraffin section. x125.

extent of thin trophoblastic areas from 1 to 2um in thick-
ness increases. Continuous development of fetal capillar-
ies causes the reduction of mean maternofetal diffusion
distance to about 22 um.

Septa and cell islands that originally consisted mainly
of accumulations of cells now grow considerably by
apposition of fibrinoid. In their centers, cysts are often
found.

Sixth month p.m. 21st to 24th week p.m.; 19th to 22nd
week p.c.

The fetus grows from 130mm to 180mm in crown-
rump length. Its weight increases from 290 g to 600 g. The
placental diameter is between 100 and 125mm, and the
placental weight increases form 120g to 190 g. Placental
thickness after delivery is 15 to 18 mm, and ultrasono-
graphic measurements in situ, including the uterine wall,
indicate a thickness of about 34 mm. The mean length of
the cord is between 315 and 360 mm.

The histologic features change considerably. Most of
the immature intermediate villi become transformed into
stem villi of large caliber. More of the stem villi measure
about 200um in thickness, some achieving diameters of
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FiGURE 8.5. Placental villi of the 18th week p.m. This picture is comparable to that of the preceding stage. Formation of stem villi
with stromal fibrosis is somewhat more expressed. Paraffin section. x125.

more than 1000um. Their fibrous stroma still exhibits
a small superficial rim of reticular connective tissue,
indicating their immaturity (Fig. 8.6). Different from all
earlier stages, increasing numbers of newly formed inter-
mediate villi exhibit small calibers (only 100-150um).
Some of these villi are reticular in stromal structure, as
are their parent villi, whereas others are slender, mature
intermediate villi with poorly vascularized and poorly
fibrosed, nonreticular stroma (80-120pm) (Fig. 8.7). At
their surfaces, the first richly capillarized terminal villi are
formed. They are difficult to identify in the large group
of smallest villi, measuring 50 to 80 um, because the other
members of this group, the small mesenchymal villi and
villous sprouts, exhibit structural features similar to those
of the terminal villi in paraffin sections. The total villous
surface amounts to 2.8 m*. The mean trophoblastic thick-
ness is reduced to 7.4um, and the mean maternofetal
diffusion distance is about 22 um.

Seventh month p.m. 25th to 28th week p.m.; 23rd to
26th week p.c.

When compared to the 6th month, there are only quan-
titative changes. The crown-rump length increases from
180 mm to 230 mm and the fetal weight from 600 g to 1050 g.
The placental diameter is 125 to 150 mm, and the placental
weight is increased to 190 to 260 g. The thickness of the

delivered placenta is 18 to 20mm; by ultrasonography,
including the uterine wall, it is 38 mm. The mean length of
the umbilical cord increases from 360 to 410 mm.

The total villous surface of the placenta exceeds 4m®
The distribution of structure and caliber of the villi are
similar to what was seen during the 6th month. Only 45%
of the villous surface is covered by cytotrophoblast. The
trophoblastic thickness varies between 0.5 and 8um
(mean, 6.9um). The number of immature intermediate
villi decreases in favor of stem villi and mature intermedi-
ate and terminal villi. The lumens of fetal vessel amount
to 9.1% of the villous volume.

Cell columns are surrounded by increasing amounts of
fibrinoid and become deeply invaginated in the basal
plate. The syncytiotrophoblastic covering of the chorionic
plate begins to degenerate. It becomes replaced by an
initially thin layer of fibrinoid that grows in thickness
throughout the following weeks and forms the Langhans’
stria.

Eighth month p.m. 29th to 32nd week p.m.;27th to 30th
week p.c.

The crown-rump length is 230 to 280 mm, fetal weight
is 1050 to 1600 g. The placental diameter normally varies
between 150 and 170 mm; the placental weight increases
from 260 g to 320 g. The placental thickness after delivery
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FiGure 8.6. Placental villi of the 21st week p.m. The stroma of their derivation from immature intermediate villi. Paraffin
of the stem villi (SV) is largely fibrous. Only a discontinuous section. x125.
thin superficial rim of reticular connective tissue is reminiscent

Ficure 8.7. Placental villi of the 24th week p.m. Compared to  (X’s at lower left, lower right, and at center), originally referred
the preceding stages, the variability in villous shapes and diam-  to as mesenchymal villi, has achieved structural characteristics
eters is sharply increasing. The population of small slender villi ~ of mature intermediate villi. Paraffin section. x125.
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is about 20 to 22mm; measured by ultrasonography
in situ and including the uterine wall, it is 43mm. The
umbilical cord has a mean length between 410 and
455mm.

Steeply increasing numbers of mature intermediate
villi and terminal villi, both of which exhibit calibers of
40 to 100um, are the reason for considerably increased
numbers of villous cross sections per square millimeter
of histologic sections (Fig. 8.8). The total villous surface
is increased to a mean of about 7m”. In addition to the
villi of small caliber that compose most of the villi, there
are mainly stem villi of large caliber. Intermediate cali-
bers of 100 to 200um are rare, causing a typical gap in
the range of calibers. This gap may be evident as early as
the second half of the 7th month. The few existing villi of
this particular caliber, mostly immature intermediate villi,
are grouped together in the centers of the villous trees.
Villous cytotrophoblast is reduced to about 35% of the
villous surface. As a result of the beginning sinusoidal
dilatation of the fetal capillaries in the newly formed
terminal villi, the amount of vasculosyncytial membranes
(epithelial plates) is increased, and the mean trophoblas-
tic thickness reduced to about 6 um.

FiGure 8.8. Placental villi of the 29th week p.m. During this
period, the mature intermediate villi and the stem villi (lower
left) are the prevailing villous types. Immature intermediate villi

8. Characterization of the Developmental Stages

Ninth month p.m. 33rd to 36th week p.m.; 31st to 34th
week p.c.

The crown-rump length is 280 to 330 mm, fetal weight
is 1600 to 2400 g, placental diameter is 170 to 200 mm, and
the placental weight is 320 to 400 g. The placental thick-
ness postpartum is 22 to 24mm; by ultrasonography in
situ, including the uterine wall, it is 45 mm. The mean cord
length increases from 455 to 495 mm.

Histologically, the developmental processes described
for the preceding month become even more prominent:
The total villous surface of the placenta is increased
to about 10m?*. Capillary growth and continuous sinusoi-
dal dilatation cause the mean maternofetal diffusion
distance to decrease to less than 12 um and the mean tro-
phoblastic thickness to about 5um. Cytotrophoblast is
found on only 25% of the villous surfaces. The largest
stem villi reach 500 to 1500pum in diameter. The small
stromal rim, consisting of reticular connective tissue
and indicating their immaturity, has normally disappeared
to the credit of fibrous stroma that completely occupies
the villous core (Fig. 8.9). The originally reticular superfi-
cial zone of the stroma shows an increased number
of connective tissue cells for a few weeks, compared to

with typical reticular stroma (lower right) are less common.
Paraffin section. x125.
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FiGure 8.9. Placental villi of the 33rd week p.m. The number of
immature intermediate villi is further decreasing. Most villi are
stem villi and mature intermediate villi; the latter are intermin-
gled with the first few terminal villi, which in paraffin sections

the more central parts of the stem villi. This difference
usually is no longer observed at term. Larger parts of the
syncytiotrophoblast of the stem villi are replaced by fibri-
noid. Most villi are mature intermediate and terminal villi
(Fig. 8.10). Small groups of immature intermediate villi,
with calibers of 100 to 200 um, can regularly be found in
the centers of the villous trees, indicating placental growth
is still active.

Tenth month p.m. 37th to 40th week p.m.; 35th to 38th
week p.c.

The mean crown-rump length is increased from 330 mm
to its final value of 380mm and the mean fetal weight
from 2400 to 3400g. The placental diameter during the
last month of pregnancy varies between 200 and 220 mm,
and the mean placental weight increases from 400g to
470g. There are considerable individual variations. Early
clamping of the cord after delivery of the baby may even
increase placental weight by as much as 100g. The final
maximal placental thickness postpartum is about 25 mm;
measured by ultrasonography in situ, the uterine wall and
placenta amount to 45 mm. The mean cord length at term
is 495 to 520 mm.

The kind and amount of villous types differ from the
foregoing stage in several aspects. There are considerably
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(because of their similar diameters) are difficult to differentiate
from mature intermediate villi. The stem villi are still not fully
fibrosed; rather, they show a thin superficial layer that has few
fibers and is rich in connective tissue cells. Paraffin section. x125.

increased numbers of terminal villi (about 40% of the
total villous volume of the placenta) (Fig. 8.11) and a
higher degree of capillarization of the latter, mainly
because many of the capillary cross sections are dilated
sinusoidally to maximally 40um. In well-preserved,
early-fixed placentas that are not suffering from fetal
vessel collapse, the terminal fetal villous capillary lumens
amount to 40% or more of the villous volume.
About 20% of the villi are stem villi. In the fully matured
placenta, the fibrous stroma reaches the trophoblastic
or fibrinoid surface of the stem villi everywhere; a
superficial reticular rim, or a superficial accumulation
of fibroblasts, as during the 9th month, is usually absent
at term. If not, it has to be interpreted as a sign of persist-
ing immaturity. The syncytiotrophoblastic cover of the
stem villi is degenerated in most places and often it is
replaced by fibrinoid (Fig. 8.12). About 30% to 40% of
the villous volume is made up of mature intermediate
villi, which can be differentiated histologically from
the terminal villi by their reduced degree of fetal capil-
larization, and from the stem villi by the absence of
large fetal vessels with media and adventitia identifiable
by light microscopy. Maximally, only 10% of the total
villous volume is of the immature, intermediate variety;
they normally appear as small, loosely arranged groups



Ficurk 8.10. Placental villi of the 35th week p.m. The distribution of villous types is largely comparable to that demonstrated for
the preceding stage. Paraffin section. x125.

Ficurk 8.11. Placental villi of the 38th week p.m. Dominating fibrinoid. The stromal core is completely fibrosed. Reticular
villous types are mature intermediate villi and terminal villi, stroma or cellular connective tissue (which as a typical sign
both of small caliber. Several stem villi of varying caliber of immaturity was visible below the trophoblast in earlier
can be seen in between. As is typical for near-term placentas, stages) is absent throughout the last few weeks. Paraffin section.

the trophoblastic cover of the stem villi is partly replaced by  x125.



Stages of Development

Ficure 8.12. Placental villi of the 40th week p.m. Caliber distri-
bution is little different from that of the 38th week. Despite this
fact, some remarkable changes exist: The fibrinoid deposits
(homogeneously gray) around the larger stem villi and the
number of terminal villi are considerably increased; also,because

in the centers of the villous trees, sometimes surrounding
a central cavity.

The total villous volume of the placenta is about 12.5m’.
The mean trophoblastic thickness is reduced to about
4um and the mean maternofetal diffusion distance to
less than Spum. About 20% of the villous surfaces are
double layered, consisting of cytotrophoblast and syncy-
tiotrophoblast; the remaining 80% are only covered by
syncytium of highly varying thickness (0.5-10um). The
cell bodies of the existing villous cytotrophoblast,
however, are so thin at times that they may be difficult
to identify; thus, many investigators tend to underesti-
mate their quantity or even deny their existence. The
amount of fibrinoid in and around the villi is variable.
We have never observed a complete absence of fibrinoid.
Amounts exceeding 10% of the total placental villous
volume are an exception and likely to be a sign of disease
processes. The amount of fibrinoid, inside and at the
surfaces of the chorionic and the basal plate, is even
more variable.

Table 8.1 summarizes the development of villous types
throughout pregnancy.
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of the irregular shapes of terminal villi at term, numerous flat
sections of villous surfaces can be seen. Here these structures
appear as dark spots of seemingly accumulated nuclei (“tropho-
blastic knotting”). Paraffin section. x125.

NUCLEATED RED BLOOD CELLS

There is considerable confusion about the normal numbers of nucleated
red blood cells (NRBCs) in neonatal blood and it is for this reason that
this information is included here. In the truly normal term pregnancy
very few, if any, red blood cells with nuclei are visible in the fetal blood
during the microscopic placental examination. When NRBCs are seen
in the fetal blood at term (and it is important that they be correctly
diagnosed as such), this is a distinctly abnormal finding. The pathologist
should endeavor to ascertain the reason for the presence of the NRBCs
when they are seen in placental sections (Fig. 8.13). This is most con-
veniently done by making a blood smear of neonatal blood.

An extensive literature exists on this topic and the findings in these
contributions are not always in agreement. They have indeed led to
considerable controversy as to how many NRBCs may be found in truly
normal neonates. Most studies are based on neonatal blood smears,
rather than placental sections. It is difficult to estimate the number
accurately by studying placental slides. One reason for the results to
be discrepant, especially in the older citations, is that the authors have
not always stated the exact age of the neonates they studied. They have
also not excluded infants who suffered from any of the many causes of
hypoxia. Most reports made no reference to the possible existence of
growth retardation and many other factors that are only now becoming
known as causing fetal erythropoietin (EPO) release, presumably the
main reason for secretion of NRBCs.

One of the earliest contributions to this topic is that by Geissler and
Japha (1901), who stated emphatically that “contrary to the dogma,”
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FiGure 8.13. Immature intermediate villus of the 6th week p.m.
The villus is covered by a uniform layer of syncytiotrophoblast
lining the intervillous space (above), followed by a nearly com-
plete layer of villous cytotrophoblast directly below. The villous

NRBCs are not found in young children; it is possible, however, that
they occur rarely in prematures. These authors were adamant in their
opinion that the presence of NRBCs is to be viewed as “showing
disease.” As many others, they did not specify the children’s ages or
clinical conditions of their births. Lippman (1924) enumerated the
NRBCs of neonatal blood, followed the children up to 5 days of life,
and reviewed all prior literature. Lippman concluded that term neonates
have an average of 3.2 NRBCs/100 white blood cells (WBCs). (To
express the number of NRBCs per total WBC is a convenient and widely
practiced way of enumerating these cells, but an alternate method is
referred to below.) The number of NRBCs was found to fall rapidly after
birth, and at the age of 5 days there were none left. The condition of
the newborns is again not clearly stated in this paper, except that chil-
dren with congenital syphilis were excluded; however, mothers with
preeclampsia were not.

Ryerson and Sanes (1934) undertook one of the more incisive studies
of placentally contained NRBCs. They were anxious to ascertain param-
efers that allowed specifying the age of a gestation by histologic exami-
nation of the placenta. They concluded that virtually all NRBCs had
disappeared at the end of the third month of pregnancy. They suggested
also that, if more than 1% NRBCs are found, this indicated prematurity
(Fig. 8.13). Anderson (1941) made the next significant contribution and
more or less confirmed the previous findings. He indicated that in
approximately 16.5% of term placentas one or two NRBCs could be
found among 1000 red blood cells (RBCs); in the remaining 83.5% there
were none at term. Stillborns were observed to have greater numbers,
and he stated that a “decided increase . . . points to pathologic states.”
Fox (1967) next published on this phenomenon; he related it to hypoxia
or asphyxia. We concur with this interpretation of a relationship to fetal
tissue hypoxia, and it is our practice o always take special note of the
presence of NRBCs when examining placentas microscopically.

Green and Mimouni (1990) have addressed the question of NRBCs
in newborns of diabetic mothers; their observation was that normative
data are lacking in the literature. These authors stated the desirability
to express NRBCs in absolute numbers, rather than as NRBCs/WBCs,
as has been the common practice. One reason for so doing is that ele-
vated WBC counts would lead to artificially low numbers of NRBCs
when the usual method of enumeration (NRBC/100 WBCs) is employed.
Green and Mimouni also provided rigid criteria for the selection and
suggested that “a value greater than 1 x 10°/L should be considered
as a potential index of intrauterine hypoxia.” Normally, there were no
NRBCs in term neonates, and the 95th percentile was 1.7 in absolute
counts. Diabetic mothers’ babies had increased numbers, as did infants
with hypoxia and growth-retarded neonates. Shurin (1987) concluded

8. Characterization of the Developmental Stages

stroma is largely occupied by a fetal vessel containing numerous
nucleated red blood cells, as is typical for this stage of preg-
nancy. Hematoxylin and eosin (H&E) stain. x800.

that there are about 200 to 600 NRBCs/mm? and 10,000 to 30,000
WBCs; she also stated that the normal infant has 4 to 5 NRBCs/ 100
WBCs in cord blood samples, which is higher than is our experience.
Shurin reflected that this number indicates the erythroid hyperplasia
caused by high levels of EPO production.

Erythropoietin, initially made in liver and later in kidneys (Eckardt
et al., 1992), is the principal agent in the secretion of NRBCs from the
sites of hematopoiesis. It is now being measured with greater frequency
in cord blood, and correlations are beginning to be made to perinatal
circumstances. Maier et al. (1993) found that elevated levels of EPO
in cord blood indicate prolonged fetal hypoxia and advocated that the
determination of EPO levels might give the exact time course of events.
The EPO levels did not correlate with gestational age, meconium stain-
ing, or Apgar scores, but they related to umbilical arterial pH level and
were elevated in fetal growth retardation; they also quoted authors who
found a relation to fetal death and cerebral palsy. These findings are
of great significance to the perinatologist and pathologist with an inter-
est in ascertaining more precisely than now possible the time of possible
fetal hypoxia, especially its relation to possible problems during labor.
It is hoped that the rapidity (or sluggishness) of the EPO response and
the appearance of NRBCs will be further defined in the future so as to
allow a better analysis of perinatal hypoxia. Because these phenomena
require some significant metabolic steps in fetal performance, one
would expect that very many hours must pass from an hypoxic event
to significantly elevate the levels of EPO and NRBCs of the fetus; but
we do not presently know the exact number of hours. We also do not
know whether the fetal response with EPO and numbers of NRBCs
secrefed to different amounts of acute blood loss is the same or if it is
a graded response. There are, however, occasionally specific cases
that allow some insight into these questions. They need to be recorded
for a better understanding of the response. It is then essential that the
precise status of the gestation and the well-being of the fetus be known
for accurate assessment. Thus, it would be impossible to compare
accurately the levels of NRBCs found after a hemorrhage in a neonate
with intrauterine growth restriction (IUGR) and those of a normal
neonate; the former may have started at a higher baseline. Experimen-
tal observations (presently known only from sheep) are insufficient for
the clinical sefting. Quantitative and temporal sequences by Shields et
al. (1993) have reviewed what is known of this aspect of RBC restora-
tion after experimental hemorrhage in sheep. Despite an initial rise in
erythropoietin level, a significant hemorrhage (40%) is not followed by
a significant increase in reficulocyte count, nor are the former blood
volume and hematocrits restored before birth. Thus, the ovine model
may not be adequate to seftle these important questions.
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Phelan et al. (1993) studied NRBCs in asphyxiated and normal neo-
nates. They found that normal infants do not have NRBCs but that
asphyxiated newborns have elevated counts. The most elevated NRBC
counts were explicable only by assuming hypoxia to have occurred
long before birth. Nicolini et al. (1990) made the observation that IUGR
fetuses have elevated NRBC counts in cordocentesis samples.

The following observations may have relevance in this context.

1. A patient at term whom we have known had a major “gush of
bright red blood” (later identified as fetal blood from disrupted vela-
mentous vessels) upon insertion of an intrauterine pressure catheter. She
was delivered by cesarean section 48 minutes later; the infant was pale
but the placenta otherwise entirely normal. The cord arterial pH was
7.05, the fetal hemoglobin 14.6g, hematocrit 44.8%, WBC 28,000,
and platelets 120,000 and falling to 71,000. Three transfusions of
packed RBCs were given to the newborn and the hemoglobin level was
then only 10.3g, hematocrit 29.9%. The first enumeration of NRBCs
occurred at 1.5 hours as 19 NRBCs/100 WBCs; 6 hours later it was
32 NRBCs/100 WBCs. Thus, there was a continued hematologic
response after the delivery of the anemic child, and the initial NRBC
response was detectable already within 1 hour. This finding is contrary
to the rapid decline of NRBCs postnatally when the hypoxic event has
been more remote; under those circumstances most NRBCs are gone
on the second day.

2. Another relevant case was a woman who had a car accident
while wearing a lap belt and was at 28 weeks’ gestation. Approxi-
mately 12 (+ 1) hours later, the fetus was born with a hematocrit of
25% and an estimated 40 to 50 mL of fetal blood in the maternal cir-
culation; 45 NRBCs/100 WBCs were then found. Moreover, villous
edema indicated some degree of early fetal heart failure. This finding
may be surprising with a hematocrit of 25% and suggests that final
adjustment of blood volume had not yet been made.

3. A 24-yearold gravida 1 was involved in a car accident at 33
weeks. The baby was delivered 12 hours later by cesarean section.
There was a large retroplacental hematoma, consistent with age 12
hours. At 0.5 hour later, a complete blood count (CBC) showed 45
NRBCs/100 WBCs and a WBC count of 20,000; hematocrit of 39.7%.
Eleven hours later the number of NRBCs was 5/100 WBCs, but packed
cells had been given; WBC was then 11,000. The child suffered cere-
bral palsy.

4. A gravida 1 without toxemia, at 39 weeks and 4 days, with
normal pregnancy awoke at 6:45 a.m. with a brief abdominal pain,
finding many blood clots in the bed; she ruptured the membranes but
stopped bleeding; there was no pain. At 8:12 a.m. she came to the
hospital. Findings were fetal heart tone (FHT) 140 to 150; good fetal
movements; speculum examination showed blood-inged fluid in the
vagina; no blood from the 1-cm cervix; nontender uterus. At 10:12
a.m. massive bradycardia occurred, followed by emergency cesarean
section delivery at 10:37 a.m. Hematocrit was 19%, pH 6.77, PCO,
125, PO, 32, base deficit ~20; NRBCs 18/100 WBCs; Apgar scores
0/0/0. Despite resuscitation and transfusion with packed cells, the
child died the next day having a flat EEG. At autopsy, several myocar-
dial infarcts, brain necroses, and infarcted adrenals, kidneys, spleen,
and areas of liver were found. One velamentous vessel had ruptured,
of a velamentous cord with bilobed placenta. This happened in bed,
and bleeding was presumably stopped because the engaging head
compressed the ruptured vessel. The brick-red myocardial necroses and
the finding of 18 NRBC:s at birth suggest that on admission the damage
had already been done.

Through the courtesy of Dr. G. Altshuler, we provide
here a more accurate means of assessing the precise
number of NRBCs, as it is heavily influenced by WBC
counts:
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To calculate the absolute NRBC count from NRBCs/
WBCs (number/mm?’), one first needs to correct the
machine-counted WBCs to a CWBC (corrected WBC) by
the following formula:

WBC(machine—oounUed total WBC count) x100
100+(NRBC/100 WBC)

Then: NRBC = WBC — CWBC, or the total NRBC count
= total CWBC x NRBC/100 WBC.

CWBC=
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Nonvillous Parts and Trophoblast Invasion

H.G. Frank and P. Kaufmann

The nonvillous parts of the placenta include the chorionic
plate, cell islands, cell columns, placental septa, basal
plate, marginal zone, and fibrinoid deposits in all parts of
the organ (Fig. 9.1). In contrast to the villous parts of the
placenta, they do not participate in maternofetal exchange
since they are never vascularized by both the maternal
and fetal circulations, but rather by fetal stem vessels
alone (chorionic plate), or maternal stem vessels alone
(basal plate), or neither of both (marginal zone, cell
islands, cell columns, fibrinoid deposits).

Irrespective of their heterogeneous location and struc-
ture, the nonvillous parts of the placenta have the same
basic components (Fig. 9.2):

e extravillous trophoblast,
e fibrinoid, and
¢ in some locations, decidualized endometrial stroma.

These basic tissue components structurally and func-
tionally do not vary from one nonvillous part to another
and therefore are considered first.

Extravillous Trophoblast

HISTORICAL ASPECTS AND NOMENCLATURE

Placentologists have known for about 100 years that different cell types
exist in the nonvillous parts of the placenta and that they differ markedly
in shape and staining patterns. Among those, in particular, the large,
intensely basophilic staining cells of all nonvillous parts have raised an
enormous inferest. Scipiades and Burg (1930) first employed the term X
cells, the name implying that their origin was in dispute. The search for
Barr bodies (sex chromatin, the heterochromatic second X chromosome
of females) in X cells gave conflicting results (maternal origin: Klinger &
Ludwig, 1957; fetal origin: Zhemkova, 1960). Systematic radioauto-
graphic studies on *H-thymidine incorporation (Kim & Benirschke, 1971),
as well as detailed structural (Kaufmann & Stark, 1971) and enzyme
histochemical analyses (Stark & Kaufmann, 1971) gave first evidence
that X cells are trophoblastic in nature. Final proof for the trophoblastic,
fetal origin of the X cells was obtained by Y-specific fluorescence in X
cells of placentas from male infants (Faller & Ferenci, 1973; Khudr et
al., 1973; Maidman et al., 1973; Steininger, 1978).

Today, normally antibodies against cytokeratin, an epithelial interme-
diate filament, are used as an easily applicable immunohistochemical
marker of these cells (Khong et al., 1986b; Yeh et al., 1988, 1990;
Daya & Sabet, 1991; Mihlhauser et al., 1995). This antigen is not
trophoblast specific but rather is expressed by all cells of epithelial
origin. Because of this, in the nonvillous parts of the placenta, also the
amnionic epithelium and residual maternal glandular epithelium are
cytokeratin positive; moreover, some smooth muscle cells may express
cerfain isoforms of this cytoskeletal antigen (except cytokeratin 7). In
spite of these limitations, cytokeratin antibodies represent the most suit-
able markers for the distinction of extravillous trophoblast cells from
decidual cells (see Fig. 9.4A), since all cells of decidual origin (decidual
cells, endometrial stromal cells, macrophages, lymphocytes, natural
killer cells) are clearly cytokeratin negative.

Antibodies against different cytokeratin isoforms have been employed
to identify special subtypes of trophoblast (Mihlhauser et al., 1995;
Proll et al., 1997a). An antibody against placental protein 19 (PP19)
is another immunohistochemical marker that is said to react specifically
with extravillous trophoblast (Takayama et al., 1989). The antibody
BC-1 (Loke et al., 1992) was shown to differentiate between villous and
extravillous trophoblast, binding specifically to the latter.

As soon as the trophoblastic origin of the X cells was proven, new
and more appropriate designations were proposed. Among those are
extravillous trophoblast, nonvillous trophoblast, intermediate tropho-
blast. Regrettably, each of these terms has a slightly different definition.
In addition, names for trophoblast of special nonvillous localizations
have been introduced (e.g., interstitial trophoblast, endovascular tro-
phoblast, intraarterial trophoblast, clear trophoblastic cells, trophoblas-
tic giant cells, trophocytes, and spongiotrophoblast-like cells).

Recently, among placentologists the term extravillous tropho-
blast (EVT) has been generally accepted as general heading for the
entire population of trophoblast cells residing outside the villi. This term
ideally describes the topographic situation of these trophoblast cells.
According to its localization and degree of differentiation, the extravil-
lous trophoblast may be further subdivided. The respective nomencla-
ture is summarized and defined in Figure 9.3.

Among clinicians and pathologists the term intermediate tropho-
blast (Kurman et al., 1984a,b) is still widely applied. Regrettably, this
term has never been well defined and it remains open how far, for
instance, proliferative extravillous trophoblast and endovascular tropho-
blast are included. The term intermediate trophoblast was first used for
villous trophoblast cells showing a phenotype intermediate between
villous cytotrophoblast and syncytiotrophoblast (Tighe et al., 1967).
Later it was applied to extravillous trophoblast cells, which were thought
to show a similar “intermediate” phenotype (Kurman et al., 1984a,b).
Descriptions such as “intermediate trophoblast of the villous sprouts”
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Ficure 9.1. Schematic drawing of the distribution of the various
trophoblast populations (blue) of the human placenta. All those
trophoblast cells that rest on the trophoblastic basal lamina of
membranes, chorionic plate, villi, cell columns and cell islands,
represent the proliferating trophoblastic stem cells (Langhans’
cells). Where these are close to the intervillous space (ivs) they
differentiate and fuse to form the syncytiotrophoblast. Usually
this event takes place in the placental villi (v). Without contact
with the intervillous space, the daughter cells of the proliferat-

FiGure 9.2. Semithin sections of the basal plate at term. A:
Enzyme histochemical proof of B-glucuronidase to demonstrate
the typical mixture of cell types in the basal plate. D, decidua
cell with its clearly visible surrounding basal lamina; X, highly
differentiated extravillous cytotrophoblast; UT, less differenti-
ated, proliferative extravillous cytotrophoblast. x810. (Source:
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ing stem cells (marked by asterisks) do not fuse syncytially but
rather differentiate and become invasive, forming the extravil-
lous trophoblast cells. Their routes of invasion/migration are
symbolized by arrows. Extravillous trophoblast cells can be
found in cell columns (c), cell islands (ci), chorionic plate (cp),
chorion laeve (cl), septa (s), basal plate (bp), and uteroplacental
arteries (ua). Matrix-type fibrinoid: point-shaded; fibrin-type
fibrinoid is line-shaded. (Source: Modified from Kaufmann and
Castellucci, 1997, with permission.)

Stark & Kaufmann, 1973, with permission.) B: Enzyme histo-
chemical proof of glucose-6—phosphate dehydrogenase. As is
typical for this enzyme, extravillous trophoblast cells (X) exhibit
intense reaction patterns, whereas decidua cells (D) stain largely
negative, except slight granular staining along their surfaces.
x360.
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EXTRAVILLOUS TROPHOBLAST

(all cellular and syncytial
trophoblast outside the villi)

extravillous syncytiotrophoblast
(syncytiotrophoblast remainders, mostly at the intervillous
surfaces of all nonvillous parts of the placenta)

extravillous cytotrophoblast
(all mononuclear trophoblast outside the villi)

proliferative phenotype of extravillous trophoblast

(proliferating stem cells

resting on, or near to the basal lamina facing the villous or chorionic stroma,
= proximal extravillous trophoblast cells)

invasive phenotype of extravillous trophoblast
(non-proliferative, disseminated daughter cells with invasive phenotype,
= distal extravillous trophoblast cells)

N— interstitial trophoblast (“intermediate trophoblast”
(all invasive trophoblast cells
which do not invade uteroplacental vessels)

N\— small spindle-shaped trophoblast cells

(highly invasive, diploid to tetraploid trophoblast cells,
which prevail in early stages of pregnancy,

L from the superficial basal plate until the myometrium)

large polygonal trophoblast cells (“X-cells”)!

(polyploid, mononuclear, basophilic cells of low invasiveness,
accumulating preferably in the basal plate;

L prevalent extravillous cell type throughout the last trimester)

multinucleated trophoblastic giant cells!

(polyploid multinucleated elements of low invasiveness,

located deep in the invasive zone; probably derived from syncytial
L fusion of highly invasive spindle-shaped trophbblast cells)

endovascular trophoblast
(trophoblast cells invading walls
and lumina of uteroplacental vessels)

intramural trophoblast
(invasive trophoblast cells infiltrating
the walls of uteroplacental vessels)

intraarterial trophoblast
(invasive trophoblast cells replacing endothelium and
forming intraluminal plugs in uteroplacental arteries)

'The additional widely applied term placental site giant cells is a pathologic term for highly differentiated
mono- and multinucleated trophoblastic elements in the maternofetal junctional zone, comprising a degenerative
subset of interstitial trophoblast and multinucleated trophoblastic giant cells.

Ficure 9.3. Nomenclature of the various subtypes of trophoblast cells residing outside the villous trees (so-called extravillous
trophoblast). For developmental relations of these cell types cf. Figure 9.8.

(Pampfer et al., 1992) or “intermediate trophoblast cells at both villous
and extravillous sites” (Riley et al., 1992) illustrate how confusing this
term can be.

e As in other stratified epithelia, the proliferation of
extravillous trophoblast is strictly restricted to a popu-
lation of stem cells resting as a true epithelial layer on
a basal lamina. The latter represents the interface
between fetoplacental (chorionic) stroma and extravil-
lous trophoblast. Right after leaving the basal lamina,
the cells also leave the cell cycle (see next section).

e When leaving the basal lamina, the extravillous tropho-
blast cells achieve an interstitial, apolar phenotype (Fig.
9.1). This process has been analyzed ultrastructurally

Extravillous Trophoblast Is a Tissue of Its Own

Extravillous trophoblast is derived from the trophoblas-
tic wall of the blastocyst and therefore without doubt is
an epithelially derived tissue:

e Extravillous trophoblast reveals its epithelial pheno-
type by expressing cytokeratins as intermediate fila-
ments. Depending on the stage of differentiation,
however, the isoforms pattern may vary (see Immuno-
histochemical Markers in Chapter 3).

and immunohistochemically in much detail in the rhesus
monkey (Enders, 1995, 1997a,b). Among others, this
interstitial phenotype is expressed by the kind and
arrangement of extracellular matrix molecules secreted
and by the pattern of integrins exposed, binding to
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this self-produced interstitial extracellular matrix
(for review see Kaufmann & Castellucci, 1997) (see
below).

e In most cases, this apolar extracellular matrix (ECM)
is secreted in the direct vicinity of maternal tissues,
namely facing the maternal blood (e.g., cell islands,
intervillous surface of the chorionic plate, placental
septa) or maternal decidua (basal plate with cell
columns, chorion laeve). As a consequence, the mater-
nal tissues add to the formation of the ECM. The
maternal ECM additions may be derived from mater-
nal blood (e.g., fibrin) or are secretory products of
decidual and endometrial stromal cells. The resulting
peritrophoblastic accumulations of extracellular matrix
are partly difficult to assign to maternal or fetal origin
and are summarized under the summarizing term fibri-
noid (see below).

e After exiting the cell cycle, the postproliferative
daughter cells like typical epithelial cells leave the basal
lamina. In a first stage of movement, they are pushed
forward by proliferation pressure by the subsequent
generations of cells. Only later they start migrating
actively in theirself-secreted matrix. In a last step of
differentiation, they achieve a truly invasive phenotype
and pass the maternal host tissue by destroying it (see
below).

All of the above features are characteristic for extravil-
lous trophoblast in general. They do not differ in different
extravillous locations.

Proliferation Patterns of Extravillous
Trophoblast and the Invasive Pathway

When extravillous trophoblast is stained with prolifera-
tion markers such as *H-thymidine, BrdU, Ki-67, MIB-1,
or antibodies against proliferating-cell nuclear antigen
(PCNA), only those cells are marked that are close to the
basal lamina of the neighboring fetal stroma. Extravillous
trophoblast cells far from this basal lamina remain
unstained (Figs. 9.4 and 9.5) (Bulmer et al., 1988a,c;
Miihlhauser et al., 1993; Blankenship & King, 1994a;
Kosanke, 1994; Kaufmann & Castellucci, 1997).

The proliferation markers listed above show character-
istic differences in their staining patterns, which in the
past repeatedly resulted in misinterpretations.

¢ Nuclei marked by *H-thymidine or by BrdU are found
only in the basal layer of cells resting directly on the
basal lamina; since *H-thymidine and BrdU are incor-
porated exclusively during the S-phase of the cell cycle,
this pattern indicates that mitosis is restricted to this
basal layer of cells.

¢ Ki-67 and MIB-1 are antibodies both directed against
the same nuclear antigen (Ki-67 antigen), which is
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expressed not only in the S-phase but in all stages of
the cell cycle except G, and G;. As a result, this marker
shows higher staining indices as compared to *H-thy-
midine. Normally, with this marker, immunoreactivity
is found in two to six proximal layers of columns. Only
the deeply invasive and intravascular trophoblast cells
are always negative for Ki-67 and MIB-1.

¢ Proliferating cell nuclear antigen is expressed through-
out all stages of the cell cycle. It has a half-life of about
20 hours and therefore may even be found in cells that
have left the cell cycle already 1 day or more before.
For example, PCNA expression was found in intravas-
cular trophoblast (King & Blankenship, 1993), suggest-
ing that these cells were still in the cell cycle. A later
study by the same group using Ki-67 made clear that
most of the immunoreactivity seen with PCNA did not
point to actual mitotic activity but rather was due to
the long half-life of the antigen (Blankenship & King,
1994a).

In conclusion, application of the above-mentioned pro-
liferation markers reveals that extravillous trophoblast
throughout differentiation passes two subsequent pheno-
types (Bulmer et al., 1988a,c; Miihlhauser et al., 1993;
Blankenship & King, 1994a; Kosanke, 1994; Kaufmann &
Castellucci, 1997):

1. A so-called proliferative phenotype of extravillous
trophoblast, which according to the *H-thymidine data is
restricted to the basal layer of extravillous trophoblast
within the cell columns;

2. A so-called postproliferative, migratory, and inva-
sive phenotype, which starts as early as in the second
layer of trophoblast cells of the cell columns (postprolif-
erative cells), occupies the distal parts of the cell columns
(migratory trophoblast), and finally spreads deeply into
the maternal tissues (invasive phenotype) (for review see
Kaufmann & Castellucci, 1997)

Both phenotypes of extravillous trophoblast are
generally present in all nonvillous parts of the placenta
(Fig. 9.1). This is clearly valid for the first two trimesters
of pregnancy. In term pregnancies, extravillous tro-
phoblast shows considerably reduced proliferative activi-
ties and locally it may be impossible to find any of the
proximal cells still being in the cell cycle. In this case
postproliferative cells may be attached to the basal
lamina.

We conclude from these findings that the basal layer of
trophoblast cells of the cell columns (cells attached to the
basal lamina of anchoring villi) represent the stem cells
of the extravillous invasive pathway (proliferative pheno-
type), whereas the more distal, nonproliferative extra-
villous trophoblast cells are the differentiated, more or
less invasive cells, derived from the nearest proliferative
center by migration or invasion (Fig. 9.4A,B). Roughly,
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FIGURE 9.4. Serial paraffin sections of two anchoring villi (upper
half) attached to the basal plate (below) by cell columns (center),
16th week postmenstruation (p.m.). A: Stained with anticyto-
keratin, which binds to all villous and extravillous trophoblast
cells. B: Stained with the monoclonal antibody MIB-1, which
only stains proliferating cells. Note that the invasive trophoblast
cells (lower half) are nonproliferative, whereas those cells facing
the basal lamina of the anchoring villus (arrowheads) and

villous cytotrophoblast are MIB-1-positive. These cells make up
the proliferating stem cells (Langhans’ cells). x100. (Courtesy
of Dr. Gaby Kohnen, Aachen, Germany.) C: A 22nd week p.m.
semithin section of the transition between the anchoring villus
(above) and the cell column (below). The continuity of villous
cytotrophoblast (VC) with the proliferating cluster of cytotro-
phoblast in the cell column (C) is clearly visible. x800.
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increasing distance from the underlying basal lamina par-
allels increasing differentiation.

Stages of Extravillous Trophoblast
Differentiation Within the Invasive Pathway

Upon leaving the cell cycle, extravillous trophoblast cells
enter a complex differentiation pathway, resulting in
various routes of differentiation. Based on the data avail-
able, this results in at least seven phenotypes of extravil-
lous trophoblast (Fig. 9.6; also see Fig. 9.12):

Some of these phenotypes are passed subsequently during
differentiation of extravillous trophoblast, for example:

e Proliferative stem cells

e Early postproliferative cells (distal compact layer of
the cell columns)

e Small spindle-shaped extravillous trophoblast cells.

Others represent alternatives of final differentiation,
for example:

e Large polygonal extravillous trophoblast (X-cells)
e Multinucleated trophoblastic giant cells
¢ Placental site giant cells

9. Nonvillous Parts and Trophoblast Invasion

Ficure 9.5. Schematic drawing of a first trimester anchoring
villus (above) attached to the basal plate (center) by a cell column.
Extravillous trophoblast cells (blue) derived from the cell column,
mix with decidual cells (white) in the depth of the basal plate.
The extravillous trophoblast cells are composed of highly inva-
sive spindle-shaped cells and noninvasive large polygonal cells.
Depending on the invasion route (interstitial: straight pink arrow;
endovascular: curved pink arrow), trophoblast invasion results
in the formation of multinucleated giant cells (bottom) or in a
cluster of endovascular trophoblast lining uteroplacental arteries
(right margin). The red asterisks indicate those trophoblast cells
that are marked by the proliferation markers *H-thymidine,
MIB-1/Ki-67,and anti—proliferating-cell nuclear antigen (PCNA).
Note that depending on the biologic half-life of the respective
antigen and depending on the stage of cell cycle that is identified
by the marker, stained cells may even be found deeply invading
the basal plate. Truly proliferative cells, marked by *H-thymidine,
can only be found close to the anchoring villus. (Source: Modified
from Kaufmann & Castellucci, 1997, with permission.)

e Endovascular trophoblast (including intramural and
intraarterial trophoblast).

The various phenotypes shall be defined in some more
detail:

Proliferative Stem Cells

These comprise all polar trophoblast cells resting on the
basal lamina of cell columns. They are weakly to moder-
ately reactive for cytokeratin 7 (Fig. 9.6A,B). Comparison
of data on *H-thymidine incorporation, as well as Ki-67/
MIB-1 and PCNA positivity demonstrate that these are
proliferating stem cells but that not all of the cells are
actually in the cell cycle (Kosanke et al., 1998). Rather,
with advancing gestation the number of cells within the
cycle seems to decrease, whereas the number of Gy-cells
seems to increase.

The cells of the proliferative layer as well as the post-
proliferative cells of the next few layers express zona
occludens proteins (ZO-1 and occludin) (Marzioni et al.,
2001). This suggests the presence of tight junctions in this
area. Their function may be to guarantee a tight mater-
nofetal barrier in an area where the syncytiotrophoblast
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Ficure 9.6. Trophoblast cell types in the
invasive pathway. av: anchoring villus; cc:
cell column; bp: basal plate; pb: placental
bed. A:Staining with an antibody against
cytokeratin 7 reveals the localization of
five different phenotypes of extravillous
trophoblast along the invasive pathway,
including proliferative and early postp-
roliferative cells (both enlarged in part
B), large polygonal cells (enlarged in
part C), small spindle-shaped cells
(enlarged in part D) and multinucleated
giant cells (enlarged in part E). Note the
long, filiform profiles of small spindle-
shaped EVT, which hardly can be identi-
fied as trophoblast cells, in the upper
third of part A. They easily can escape
the observers’ attention. B: The prolifer-
ative cells comprise the upper row of
cells in direct contact with the basement
membrane of anchoring villus. They are
followed by a compact cluster of early
postproliferative daughter cells. C: A
large polygonal trophoblast cell, embed-
ded in ample unstained extracellular
matrix (ECM). Note the huge, polyploid
nucleus. D: Small spindle-shaped tro-
phoblast cells are surrounded by only
little ECM and are in close contact
with cytokeratin-negative endometrial
cells. The various spot-like cytokeratin
reactivities in this picture correspond
to cross and oblique sections of the
same cell type. E: Multinucleated giant
cells are characterized by clusters of
nuclei surrounded by ample cytoplasm
that only focally shows cytokeratin 7-
immunoreactivity. A: x160; B-D: x770.
(Source: From Kemp et al., 2002, with
permission.)

as barrier is interrupted by a cellular epithelium with
intercellular clefts.

Early Postproliferative Cells

From the second layer of trophoblast cells distally, the
cells very likely have left the cell cycle. There are no
indications such as mitotic figures, *H-thymidine positiv-
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ity, or BrdU positivity, that after leaving the basal lamina
they still stay in the cycle. As described above, positivity
for other immunohistochemical proliferation markers
(Mib-1 or PCNA, Fig. 9.5) is due to the fact that the
respective antigens persist also beyond the cell cycle. It is
a question of definition how far peripherally into the
invasive pathway cells are subsumed under the heading
“early postproliferative cells.” According to our defini-
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tion (Kemp et al., 2002) trophoblast cells belong to this
type when they (1) have left the basal lamina; (2) still
form a compact cluster of cells, so-called cell columns;
and (3) are not separated by light-microscopically visible
amounts of extracellular matrix. This differentiation stage,
too, is weakly to moderately immunoreactive for cyto-
keratin 7 (Fig. 9.6A,B).

Small Spindle-Shaped Extravillous
Trophoblast Cells

According to distribution, structure, and expression of
integrins, ECM, and proteases, these are the truly invasive
extravillous trophoblast cells (Kemp et al.,2002). In spite
of their moderate to strong immunoreactivity for cyto-
keratin 7 (Fig. 9.6A,D) these cells are inconspicuous and
easily escape the observer’s attention. Due to their spindle-
shaped to filiform structure they may easily be misinter-
preted as tangential sections of larger types of extravillous
cells. The cells prevail in the first and second trimester of
pregnancy and are only rarely found at term (see Fig.
9.17). Different from all other phenotypes, they do not
accumulate in a certain layer of the invasive pathway but
rather are homogeneously distributed from the distal
parts of cell columns until the first third of the myome-
trium. Similar to invasive tumor cells (Friedl & Brocker,
2000), their shape reflects invasiveness; movement across
their host tissues forces these cells to adapt their morphol-
ogy and to achieve bipolar, spindle-shaped bodies. Inter-
estingly, those invasive trophoblast cells emerging from
villous explants in vitro under the influence of insulin-like
growth factor-I (IGF-I) (see Cytokines and Hormones
Controlling Differentiation of Extravillous Trophoblast,
below) showed the same spindle-shaped phenotype
(Aplin et al., 2000). Immunocytochemistry suggests, that
they secrete only a little ECM and expose mostly integrins
not matching the surrounding ECM (integrin-ECM mis-
match) (Kemp et al., 2002). DNA measurements suggest
that these cells are diploid to tetraploid (Zybina et al.,
2002,2004).

Large Polygonal Extravillous
Trophoblast Cells

This is the structurally most impressive cell type within
the population of extravillous trophoblast: large, polygo-
nal, mostly basophilic cell bodies, with large irregular,
hyperchromatic nuclei (Fig. 9.6 A,C). Their size and
intense staining were the reason that these were the first
published extravillous trophoblast cells (X-cells, Scipia-
des & Burg, 1930). According to Kemp et al. (2002) and
Zybina et al. (2002, 2004), they are derived from diploid
(spindle-shaped?) extravillous trophoblast cells by poly-
ploidization (Fig. 9.7). Several findings suggest that they
are less invasive or noninvasive (Kemp et al., 2002):
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e Their number increases with advancing gestation.

e They accumulate usually in the superficial layers of the
basal plate and are much less frequent in deeper layers.

¢ In basal plates of term pregnancies they are by far the
dominating trophoblast cell type.

e They embed themselves in large amounts of ECM
(laminins, collagen IV, vitronectin, heparan sulfate,
fibronectins, vitronectin) and expose the exactly match-
ing integrins along their cell surfaces.

e They can be found deeply in the uterine wall, embed-
ded in large amounts of ECM, even years after the last
pregnancy.

Taken together, these findings suggest, that polyploidiza-
tion and transformation of spindle-shaped trophoblast
into large polygonal trophoblast is a mechanism to reduce
invasiveness.

Multinucleated Trophoblastic Giant Cells

These are multinucleated trophoblastic elements found
in the depth of the basal plate (Fig. 9.6A.E). Often they
accumulate in a thin layer close to the endometrial-
myometrial border. Their number decreases when preg-
nancy advances. Attention was first directed to these
elements by Kolliker (1861), who called them “Riesenzel-
len” and “vielkernige Riesenzellen.” Similar multinucle-
ated trophoblastic masses have been described in the
junctional zone of several mammals. Terms such as mul-
tinuclear giant cells, wandering cells, migratory cells,
megalokaryocytes, and diplokaryocytes were employed
(for reviews see Mossman, 1937, 1987; Boyd & Hamilton,
1970). Despite the fact that some earlier authors have
questioned the fetal origin of these structures (Keiffer,
1928; Park, 1959), there is now agreement concerning
their trophoblastic nature based on their immunoreactiv-
ity for various cytokeratin isoforms. Unfortunately, they
are often negative for cytokeratin 7, the most suitable
marker for all uninuclear trophoblast (Fig. 9.6A,E).
There are still some doubts about whether or not mul-
tinucleated giant cells can be formed by syncytial fusion
of extravillous cytotrophoblast throughout pregnancy.
Data by Winterhager et al. (2000) have shown connexin
40 expression by deeply invasive extravillous trophoblast
cells as soon as the latter aggregated in clusters (Hell-
mann et al., 1995). Connexin 40 is a gap junction molecule
and formation of gap junctions is a well-studied prereq-
uisite for syncytial fusion (Winterhager et al., 1984). These
data in context with the large numbers of multinucleated
trophoblastic giant cells in the superficial myometrial
parts of the uterine wall (Pijnenborg et al., 1980; 1981)
led us to suggest that syncytial fusion takes place prefer-
ably at the end of the invasive pathway. The view that
multinucleation is a result of syncytial fusion rather than
of endomitosis is further supported by the fact that signs
of DNA-replication (*H-thymidine incorporation, expres-
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Ficure 9.7. Summarizing overview of
changesin the invasive pathway through-
out pregnancy. The early postprolifera-
tive daughter cells of the cell columns
differentiate into highly invasive small
spindle-shaped cells. Their invasiveness
is limited either by differentiation into
ECM-secreting large polygonal EVT, or
by syncytial fusion, forming multinucle-
ated giant cells, or by apoptosis. In the
first trimester, invasiveness is high since
only a few cells undergo polyploidiza-
tion forming large polygonal cells. In
later stages of pregnancy, invasiveness
gradually ceases since increasing
numbers of spindle-shaped invasive tro-
phoblast leaves the invasive pathway by
polyploidization. Syncytial fusion result-
ing in multinucleated giant cells is a
dominant mechanism for the limitation
of invasiveness only in early pregnancy.
Throughout pregnancy, apoptosis seems
to be of marginal importance only.
(Source: Modified from Kemp et al.,
2002, with permission.)

sion of PCNA or Ki-67 antigen) have never been observed
in this deep invasion zone.

Residual extravillous syncytiotrophoblast should not
be confused with the multinucleated trophoblastic giant
cells. In early pregnancy the nonvillous parts of the pla-
centa (future chorion laeve, primary chorionic plate, and
trophoblastic shell) are mostly composed of syncytiotro-
phoblast; its relative amount in all nonvillous locations is
steeply decreasing toward term. In third-trimester preg-
nancies it is found in only a few locations, all of which
face the intervillous space. These comprise largely degen-
erative syncytial plaques covering small spots of the inter-
villous surfaces of the chorionic plate, the basal plate, and
sometimes even parts of cell columns, cell islands, and
septa. In the course of pregnancy, most of this extravillous
syncytiotrophoblast degenerates and is replaced by fibri-
noid or sometimes even by maternal endothelium evading
uteroplacental veins (see below).

Placental Site Giant Cells

This term plays an important role in placental pathology,
where these cells are of great diagnostic value for the
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histopathologist when studying curettings; however, it has
never been clearly defined in placental cell biology. The
fetal/trophoblastic origin was proven by Khudr et al.
(1973), but it remains an open question whether these
cells are mononuclear (as extravillous cytotrophoblast)
or in part multinucleated cells (Pijnenborg, 1980).

Sauramo (1961) had already characterized these cells from histologic
and histochemical studies as cell populations that undergo frequent
degeneration and that form, within the extraplacental membranes and
placental floor, a separate compartment of cytotrophoblast. Typical
placental site giant cells are often vacuolated and sometimes they
appear degenerative. They may also be identical with what Yeh et al.
(1989) described as a separate extravillous trophoblastic entity, the
vacuolated cytotrophoblast. Other historical terms are chorionic
giant cells, wandering cells, migratory cells, and megalokaryocytes
(for review see Boyd & Hamilton, 1970). Thliveris and Speroff
(1977) found an increased amount of fibrinoid deposition around these
cells in membranes from preeclamptic women. Wynn (1967q) also
noted their frequent or regular association with eosinophilic fibrin-like
deposits.

Pathologists are generally reluctant to make the diagnosis of intra-
uterine pregnancy merely from the presence of extravillous trophoblast
cells (X cells) and in the absence of villi. To satisfy this demand for
characterization of the placental site, O'Connor and Kurman (1988a,b)
used the presence of human placental lactogen (hPL) contained within
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placental site cells and thus demonstrated in relevant cases that an
infrauterine gestation existed in curettings when an ectopic gestation
needed to be ruled out.

In our opinion, placental site giant cells are highly dif-
ferentiated, probably already degenerative extravillous
trophoblast cells. This view is further supported by several
publications dealing with the placental site trophoblastic
tumor (PSTT) (Berger et al., 1984; Young et al., 1988;
Duncan & Mazur, 1989; Larsen et al., 1991). This rare
variant of trophoblastic disease derives from placental
site giant cells and was unequivocally described to be
composed of intermediate trophoblast, equivalent to
extravillous cytotrophoblast.

Endovascular Trophoblast

This is the summarizing term for all extravillous tropho-
blast cells found

e within the walls of uteroplacental arteries and veins
(intramural trophoblast) where it replaces media
smooth muscle cells and other vascular wall structures,
and

¢ within the lumens of uteroplacental arteries (intraarte-
rial trophoblast) where it either forms a new surface
lining replacing maternal endothelium or forms big,
multicellular plugs, partly or completely occluding the
arterial lumens.

As will discussed later (see Uteroplacental Vessels),
endovascular trophoblast is derived from interstitial
extravillous trophoblast and represents a side-route of
trophoblast invasion (Fig. 9.5).

One Stem Cell Origin for Villous
Syncytiotrophoblast and the
Extravillous Trophoblast?

Up to now, no obvious differences have been described
between the proliferating stem cells of

e the extravillous trophoblast cells that rest on the basal
laminas separating anchoring villi and cell columns,
and

e villous cytotrophoblast resting on the basal laminas of
all other villi.

This refers to all of the following data for expression of
receptors and integrins, matrix secretion and endocrine
secretion, as well as for major histocompatibility complex
I (MHC-I) expression (for review see Kaufmann & Cas-
tellucci, 1997). Because of this, it seems justified to specu-
late that all trophoblast cells resting on the basal lamina
separating placental trophoblast and fetoplacental mes-
enchyme (Fig. 9.1), independent of their location, repre-
sent a uniform population of trophoblastic stem cells. This
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would apply for the villous cytotrophoblast, the basal
layers of proliferating stem cells in cell columns, cell
islands, chorionic plate, and chorion laeve.

The future fate of these stem cells, whether they fuse to form syncytio-
trophoblast or whether they acquire a migratory or invasive extravillous
phenotype very likely depends on surrounding microenvironmental
factors (Fig. 9.8), such as

e the presence or absence of contact to maternal blood;
e polar or apolar exposition to extracellular matrix molecules;
e the presence or absence of an infact syncytiotrophoblast covering.

In mouse placental development respective transcription factors
directing the cells in the one or other differentiation pathway have been
identified (Anson-Cartwright et al., 2000; Cross et al., 2003; Hughes
et al., 2004). For human placental development, experimental proof
for the one-stem-cell hypothesis is still missing; however, the hypothesis
is in agreement with many histologic and experimental findings.

e Peripheral villi, which become embedded in maternal blood clot,
transform into cell islands or cell columns, showing degeneration of
the covering syncytiotrophoblast and extravillous transformation of
the residual cytotrophoblast (see Fibrinoid, below). The same extra-
villous transformation of trophoblast cells was observed when
villous explants were cultivated on or in fibrin, collagens, or matrigel
(Castellucci et al., 1990; Genbacev et al., 1991, 1992; Vicovac
etal., 1993, 1995aq). Interestingly, only firsttrimester villi rather than
second- or third4rimester villi showed this in vitro behavior.

* In contrast, when cultivating villous explants in tissue culture medium
(Castellucci, personal communication) or on agarose (Vicovac et al.,
1995b) the trophoblast maintained its villous phenotype.

FiGURE 9.8. Factors controlling the various routes of differentia-
tion of trophoblast. (Source: Modified from Kaufmann &
Castellucci, 1997, with permission.)
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Proliferation studies in anchoring villi (Kosanke, 1994) make it very
likely that not all daughter cells derived from the proliferative zones of
cell columns enter the invasive pathway. Rather, a subset of these cells
seems to migrate laterally along the anchoring villi, thus coming into a
villous position. These cells finally may be transformed into a syncytio-
trophoblast. Accordingly, the stem cells of the cell columns would have
a double function, contributing to trophoblast invasion and acting as a
growth zone for villous trophoblast of anchoring villi.

Cytokines and Hormones Controlling
Differentiation of Extravillous Trophoblast

We focus here on oncogene products, growth factor
receptors, and growth factors as well as hormones, which
show obvious relations to the various stages of the inva-
sive pathway. Several of those seem to be involved in
autocrine loops as well as paracrine loops between

A

FiGure 9.9. A:The expression of some growth factor receptors
is symbolized by red or yellow dots. Secretion of the respective
ligands is indicated by red arrows. These arrows suggest that the
invasive pathway of extravillous trophoblast is controlled by
autocrine and paracrine regulatory loops. B: Integrin (red and
yellow dots) and ECM expression (green) along the invasive
pathway. o3B1 and a6B4 integrins are expressed by the prolif-
erative phenotype of extravillous trophoblast. When switching
to the invasive phenotype, the above “epithelial” integrins are
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extravillous trophoblast and its neighboring tissues. For
the discussion of potential interactions between hor-
mones and trophoblast differentiation along the invasive
pathway we also refer to the review by Malassine and
Cronier (2002). The paper by Islami et al. (2001) specifi-
cally addresses the potential influence of human chori-
onic gonadotropin (hCG) on trophoblast invasion.
EGFR: Epidermal growth factor receptor encoded by
the proto-oncogene c-erbB-1, is only expressed in those
few proximal layers of trophoblastic cell columns that also
express proliferation markers (Miihlhauser et al., 1993;
Duello et al., 1994; Johki et al., 1994) (Fig. 9.9A). Its best
known ligand, epidermal growth factor (EGF), is a potent
epithelial mitogen. Moreover, its stimulatory influence on
trophoblast invasion has been stressed (Bass et al., 1994).
Epidermal growth factor is produced by numerous tissues.

B

gradually replaced by “interstitial” integrins such as 0581, avf1,
and ovP3 and finally by alfl, the latter marking only the
deepest cells in the pathway. In the center, the secretion
patterns of ECM are depicted. The proliferative phenotype
shows polar (basal lamina) or absent secretion of ECM. The
invasive trophoblast cells, expressing interstitial integrins,
embed themselves in apolarly secreted ECM of different types.
(Source: Modified from Kaufmann & Castellucci, 1997, with
permission.)
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Its secretion by extravillous trophoblast has been dis-
cussed, suggesting autocrine/paracrine regulatory loops
(Hofmann et al., 1992). In contrast, Loke and King (1995)
suggested that local secretion at the implantation site is
less likely;rather, these authors favor transforming growth
factor-a (TGF-a) to be the more likely ligand for EGFR.
Transforming growth factor is known to have the same
mitogenic effects on trophoblast as EGF. It is likely to be
secreted by decidual stromal cells as well as by all tropho-
blast populations (Lysiak et al., 1993).

C-erbB-2: The receptor encoded by the proto-onco-
gene c-erbB-2 is thought to cooperate with other recep-
tors of the erbB family in neuregulin/heregulin-mediated
signaling (Holmes et al., 1992; Peles et al., 1992; Carraway
& Cantley, 1994). This receptor shows a reciprocal expres-
sion pattern when compared to EGFR (Fig. 9.9A). It is
expressed at the surfaces of all those extravillous tropho-
blast cells that are negative for EGFR (Miihlhauser et al.,
1993; Jokhi et al., 1994). It thus characterizes all differen-
tiated and invasive stages.

HB-EGF: Recent data by Romero’s group have shed
anew light on the importance of the EGF receptor family
in trophoblast differentiation (Leach et al., 2004). The
authors have studied the effects of the multifunctional
heparin-binding EGF-like growth factor (HB-EGF),
which binds to erbBl and erbB4 of the EGF-receptor
family. HB-EGF is downregulated in placentas of women
with preeclampsia. The addition of HB-EGF during
explant culture of first-trimester chorionic villi and during
culture of a trophoblast cell line did not alter trophoblast
proliferation, but rather enhanced extravillous tropho-
blast differentiation and invasive activity; expression of
06 integrins decreased to the benefit of ol integrins. The
authors concluded that erbB-mediated autocrine and
paracrine signaling by HB-EGF or other EGF family
members induces cytotrophoblast differentiation to an
invasive phenotype.

C-fms: Also, the expression of the gene product of the
oncogene c-fims, the receptor for colony stimulating
factor-1 (CSF-1), supports the concept of a differentiation
gradient. According to Johki et al. (1993), it is strongly
expressed in early invasive stages but weaker during
deeper invasion including the endovascular trophoblast
(Fig. 9.9A). The corresponding growth factor, CSF-1 can
be derived from three different sources (Fig. 9.9A), from
villous trophoblast, from endometrial cells (Shorter et al.,
1992), and from invasive extravillous trophoblast cells
themselves (Hamilton et al., 1995). It is a potent mitogen.
Moreover, it is thought to upregulate gelatinase B and
tissue inhibitor of metalloproteinase-1 (TIMP-1), both of
which are important parameters of invasiveness (Hamil-
ton et al., 1995).

C-kit: Stem cell factor also known as c-kit ligand,
another blood cell mitogen, is expressed by invasive
extravillous trophoblast cells (Sharkey et al., 1994) (Fig.
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9.9A);the receptor for this growth factor, c-kit is expressed
by villous macrophages and by the large granular lym-
phocytes [endometrial natural killer (NK) cells] of the
junctional zone (Fig. 9.9A).

TGF-BR: Receptors for transforming growth factor-§
have been detected in a variety of cell types at the human
implantation site, and the cytokine TGF-f itself is abun-
dantly present in decidua, mostly derived from decidual
NK cells (Saito et al., 1993a; Loke & King, 1995). Trans-
forming growth factor-p has been implicated as an immu-
nosuppressive factor in decidua by modulating the
response of maternal leukocytes to trophoblast (for review
see Loke & King, 1995). In contrast to interferon-y (IFN-
v), TGF-B has been observed to downregulate surface
expression of MHC class I antigen (Geiser et al., 1993).
The cytokine also restricts trophoblast invasion by down-
regulation of collagenase secretion and induction of
TIMPs (for review, see Loke & King, 1995).The inhibitory
effect of TGF-f on trophoblast invasion is mediated by
endoglin, a member of the TGF-f receptor complex. Tran-
sient upregulation of endoglin expression takes place
during transition from the proliferative to the invasive
phenotype; the addition of endoglin antibodies or of anti-
sense endoglin oligonucleotides to extravillous tropho-
blast in vitro stimulated the migratory/invasive behavior
(Caniggia et al., 1997). Transforming growth factor-§ has
been reported to enhance the secretion of fibronectins by
trophoblast cells in vitro (Feinberg et al., 1994); to upregu-
late expression of integrins, which make the cells more
“adhesive”; to upregulate protease inhibitors such as
TIMP-1 and plasminogen activator inhibitor-1 (PAI-1)
(for review see Chakraborty et al., 2002); and to upregu-
late E cadherin expression, which facilitates cell—cell
adhesion and impairs cell motility (Karmakar & Das,
2004). Interestingly, TGF-P can be stored extracellularly
by binding to decorin, an ECM proteoglycan (Xu et al.,
2002);the latter has been abundantly found in the decidua
(Lysiak et al., 1995). All these observations suggest that
TGF-B is a modulator of trophoblast invasion. The secre-
tion of TGF- seems to be controlled by oxygen via
hypoxia-inducible factor-lo. (HIF-1o) (Caniggia et al.,
2000; Caniggia & Winter,2002). The same authors suggest
that hypoxia via elevated HIF-1o. expression leads to
TGF-p overexpression, the latter resulting in inhibition of
trophoblast differentiation and trophoblast invasion
(Caniggia et al., 1999; Caniggia & Winter,2002). As will be
discussed below (see Oxygen-Mediated Regulation of the
Invasive Pathway), the interactions between hypoxia and
trophoblast invasion are still a matter of controversy.

Transforming growth factor-a, in contrast to TGF-f,
appears to be a stimulator of trophoblastic growth in
vitro, possibly acting via EGFR (Filla et al., 1993; Lysiak
et al., 1993) (see above).

Tumor necrosis factor-ao (TNF-a) is a cytotoxic cyto-
kine that according to in vitro data may act to limit
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trophoblast invasion (Hunt, 1989). The TNF-receptor I,
which upon ligand binding is able to initiate apoptosis,
is expressed by invasive extravillous trophoblast cells
(own unpublished observations). Correspondingly,
early stages of apoptosis can be found in the same cells
(Huppertz et al., 1998a). Even though TNF-o-messenger
RNA (mRNA) has been found in a variety of cells at
the implantation site, the most likely source for TNF-o
protein are decidual macrophages and endometrial
NK cells (Vince et al, 1992; Loke & King, 1995;
Pijnenborg et al., 1998). Respective cytotoxic effects of
macrophages on invasive trophoblast cells are further
underlined by the fact that, in preeclampsia, large parts
of the spiral arteries are infiltrated by macrophages and
do not show trophoblast invasion (Reister et al., 1999).
In contrast, in normal pregnancy the utero-placental
arteries invaded by trophoblast, and rarely show intramu-
ral macrophages. Subsequent in vitro experiments by the
same author (Reister et al., 2001) further underlined the
notion that activated macrophages induce apoptosis of
invasive extravillous trophoblast. Different from earlier
assumptions, this is not only a TNF-a effect. Rather,
induction of trophoblast apoptosis is a deleterious com-
bination of

e TNF-o/TNF-receptor 1 interaction, with
e local tryptophan depletion by macrophage-secreted
indolamine 2,3-dioxygenase (IDO) (see Fig. 9.35).

Interestingly, the preeclampsia-specific increase of
macrophages described by Reister et al. (1999) seems to
be restricted to the maternal arterial walls, whereas the
number of maternal macrophages in the interstitium
even seems to be reduced (Burk et al.,2001). (For further
details see the sections Macrophages and Uteroplacental
Vessels, below.) Tumor necrosis factor-a. was shown to be
expressed also by invasive extravillous trophoblast cells,
the level of expression decreasing with advancing preg-
nancy and thus correlating with invasiveness of the cells
(Pijnenborg et al., 1998). These data suggest that invasive
trophoblast cells may exert direct cytotoxic effects during
invasion of their host tissue.

HGF: Hepatocyte growth factor is secreted by placen-
tal villous stroma (Kauma et al., 1999) and by human
decidua (Choy et al.,2004) and acts in a paracrine manner
on trophoblast cells that express the HGF receptor c-met.
In vitro studies by Kauma et al. (1999), Nasu et al. (2000),
and Dokras et al. (2001) revealed that HGF significantly
increased in vitro invasiveness of trophoblast cell lines.
Moreover, in preeclampsia, reduced or absent villous
stromal HGF expression was found, whereas expression
of the receptor in extravillous trophoblast was unchanged
(Nasu et al., 2000). According to Cartwright et al. (1999)
the HGF effect on trophoblast invasion is closely linked
to invasion, furthering nitric oxide (NO) secretion of
extravillous trophoblast.
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IGF-I: Insulin-like growth factor-I is secreted among
others by villous mesenchyme. In vitro studies by Aplin
and coworkers (2000) revealed that serum-free condi-
tioned medium from placental first-trimester fibroblasts
stimulated cytotrophoblast to detach from cell columns
and to invade the neighboring extracellular matrix.
Removal of IGF-I from the conditioned medium
decreased the invasive potential, whereas the addition of
IGF-I to culture medium increased invasiveness. In con-
trast, the addition of TGF-B blocked invasiveness com-
pletely (see above). These data suggest paracrine
interactions between the mesenchyme of anchoring villi
and cytotrophoblast in cell columns. A respective para-
crine control of trophoblast invasion by stromal cyto-
kines such as IGF-I would be self-limiting because the
signal diminishes with increasing invasive depth.

VEGEF, PIGF, Ang-2: Finally, angiogenic factors, such
as vascular endothelial growth factor (VEGF), placenta
growth factor (PIGF), and angiopoietin-2 (Ang-2) are
thought to be involved in the regulation of the extravil-
lous pathway. All three factors are expressed by invasive
trophoblast (Zhou et al., 2002, 2003a,b). PIGF was found
to promote proliferation of extravillous trophoblast but
not invasive behavior in vitro (Athanassiades & Lala,
1998). The closely related VEGF is secreted not only by
trophoblast but also by decidual cells and decidual mac-
rophages, whereas the VEGF-receptor fit-1 is expressed
by extravillous trophoblast cells (Ahmed et al., 1995).
Vascular endothelial growth factor was supposed to be a
chemoattractant for the invading trophoblast cells (Lash
et al., 1999, 2003). Recent data by Anteby et al. (2004)
suggest that VEGF is involved in the control of tropho-
blastic protease secretion. Moreover, Zhou et al. (2003b)
provided in vitro evidence that VEGF, PIGF, and Ang-2
together may be involved in maintenance and turnover
of uteroplacental vessels.

Kisspeptin-10, a newly described dekapeptide derived
from the translation product of the gene KISS-1 was
recently described to be a potent regulator of trophoblast
invasion (Bilban et al., 2004). The KISS-1 gene is only
expressed in villous trophoblast. KISS-/ receptor was
also found in the extravillous trophoblast, suggesting
paracrine loops. Kisspeptin-10 inhibited trophoblast
migration in vitro in an explant as well as in a transwell
assay, but did not affect proliferation. Suppressed motility
was paralleled with suppressed gelatinolytic activity sug-
gesting a Kisspeptin-10 effect on matrix metalloprotein-
ase (MMP) secretion.

Interleukins (ILs) are involved at different levels of the
control of the invasion process. Their role as proinflam-
matory (IL-2) or antiinflammatory cytokines (IL-4, -6,
-10, and -13), triggering the communication among the
various maternal immune cells at the implantation site, is
well studied. Less is known about the direct effects on
trophoblast cells (for review see Loke & King, 1995;
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Bischof et al., 2000a,b). Among others IL-1 and IL-6 are
secreted by the trophoblast cells themselves and act in an
autocrine manner as stimulators of various aspects of
extravillous trophoblast differentiation (for review, see
Das et al., 2002). Interleukin-1B was found to counteract
the effects of TGF-B (see above) by downregulating E-
cadherin expression and cell-cell adhesion and thus stim-
ulating cellular invasiveness (Karmakar & Das, 2004a).
By contrast, IL-12 seems to inhibit trophoblast invasion
by upregulating MMPs and downregulating TIMPs (see
below; Karmakar et al., 2004b).

T;: Triiodothyronine has been known for a long time
to play a crucial role in the maintenance of early preg-
nancy. Moreover, thyroid hormones seem to be involved
in maldevelopment of placental villous trees (cf. Hor-
mones as Regulators of Villous Development in Chapter
7). The mechanisms by which thyroid hormones interact
with placental development still remain to be elucidated.
Recent publications give some hints that an effect of T,
on trophoblast invasion may be the missing link: extravil-
lous trophoblast expresses thyroid hormone receptors
(TR) (Barber et al.,2005).T; in vitro increased the expres-
sion of MMPs, fibronectins, and integrin o531 (OKki et al.,
2004), and it suppressed apoptosis of extravillous tropho-
blast by a variety of mechanisms (Laoag-Fernandez et al.,
2004). All of these findings are consistent with the hypoth-
esis that T; promotes trophoblast invasion, but they do
not clearly prove it yet.

Extracellular Matrix Secretion Along
the Invasive Pathway

Extravillous trophoblast cells secrete large amounts of a
highly heterogeneous ECM along their invasive pathway.
The latter comprises fibronectin isoforms, collagen IV,
laminins, vitronectin, and heparan sulfate in a patchy
pattern summarized as matrix-type fibrinoid (see Fibri-
noid, below). Secretion of ECM by extravillous tropho-
blast is different from ECM secretion in other epithelia
(Frank et al., 1994, 1995; Huppertz et al., 1996, 1998d;
Kemp et al., 2002):

e The first layer of still proliferative trophoblast cells
behave like epithelial cells and secret ECM in polar
fashion as a basal lamina along their basal plasma-
lemma with collagen IV (Fig. 9.10A) and laminins (Fig.
9.10B) as dominant ECM molecules. Similar to other
stratified epithelia, the following layers of early postp-
roliferative cells completely downregulate ECM secre-
tion (Figs. 9.9B and 9.10).

e Different from other stratified epithelia, with advan-
cing differentiation the cells again upregulate ECM
secretion, now secreting in an apolar, patchy pattern.
The resulting patches of ECM. Deeper in the invasive
pathway they increase in number and size, are attached
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in an apolar pattern to the plasmalemma all around
the cell.

e Preliminary data (Kemp et al., 2002) suggest that the
highly invasive spindle-shaped trophoblast cells secret
only a little ECM, mostly composed of oncofetal fibro-
nectin fibers embedded in a homogeneous matrix of
vitronectin and heparan sulfate.

¢ By contrast, the large, polygonal noninvasive tropho-
blast cells embed themselves in large amounts of ECM
composed of at least three different types of patches:
(1) laminins and collagen IV; (2) vitronectin and
heparan sulfate; (3) fibronectins, mostly of the non-
oncofetal isoforms, embedded in vitronectin and
heparan sulfate.

Extracellular Matrix Receptors (Integrins)

The extravillous trophoblast cells embedded in the self-
secreted extracellular matrix described above, express
the respective ECM receptors (integrins). Depending on
the type of cell, the expression and distribution patterns
of integrins do not always match with the ECM molecules
accumulated around.

Integrins are heterodimeric integral membrane
proteins. They act as receptors for ECM molecules
(for review, see Humphries, 1990). The functional impor-
tance of integrin-binding to ECM molecules has
been shown in vitro by blocking them specifically by
antibodies which resulted in loss of trophoblast cell
adhesion to the ECM (Librach et al., 1991a; Burrows
et al., 1995; Irving and Lala, 1995; for review see Burrows
et al., 1997).

The following integrins have been described in extravil-
lous trophoblast (for review see Aplin, 1993; Damsky et
al., 1993; Kaufmann & Castellucci, 1997):

031 integrin is a receptor for laminin that also local-
izes to focal contacts in cells cultured on other substrates;
it seems to play a role in matrix deposition (DiPersio et
al., 1995; Wu et al., 1995). o331 is only weakly expressed
in villous trophoblast and in few of the most proximal,
proliferative trophoblast cells of the cell columns, resting
on the basal lamina of anchoring villi (Damsky et al.,
1992; Kemp et al., 2002) (Fig. 9.9B).

06B4 is the dominating integrin of the proliferative
and early postproliferative subset of trophoblast
(Aplin, 1991a, 1993; Damsky et al., 1992; Burrows et al.,
1993a; Kemp et al., 2002). 06B4 integrin is the usual
basal lamina receptor. It binds to laminin, which is
then linked to collagen IV (Ruoslahti, 1991; Flug &
Kopf-Maier, 1995). Its expression in trophoblast, interest-
ingly, is not restricted to the basal trophoblastic surface
of the most proximal cells, but rather can be found all
around the trophoblast cells of the proximal half of the
cell columns of first and second trimester pregnancies
(Fig. 9.9B). Most of those are postproliferative cells that
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A: collagen IV

FiGURe 9.10. Immunohistochemistry of extracellular matrix
molecules in trophoblastic cell columns. The anchoring villus
(above) and the cell column (center and bottom) are separated
by a clearly visible basal lamina (BL). A: The collagen IV anti-
body shows strong immunoreactivity (green) in the basal lamina
and a spotwise reaction pattern among the early postprolifera-

do not express ECM at all. In term pregnancies with
reduced proliferative activities of extravillous tropho-
blast, also the o6P4 expression is more restrained.
In certain mature cell columns (compare Fig. 9.49B) it
may completely be lost since only differentiated cells
expressing interstitial integrins exist peripherally from
the basal lamina.

o5P1, a fibronectin receptor, is upregulated in the same
zone where 06B4 expression is downregulated (transition
from the compact cluster of early postproliferative cells
to loosely arranged, ECM-secreting cells of the invasive
phenotype). Its expression is kept constant until the
deepest stages of invasion (Fig. 9.9B).

alpl, a receptor for laminin and collagens T and TV,
is turned on slightly later (Fig. 9.9B) (Aplin, 1991a;
Fisher et al., 1991; Damsky et al., 1992, 1994; Kemp et al.,
2002).

avB3 and avp5, according to in vitro findings by Irving
etal. (1995), are also expressed by the invasive phenotype
(Fig. 9.9B).
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tive cells and deeper in the invasive pathway. B: The staining
pattern of a laminin antibody (red, counterstained with the blue
nuclear stain bisbenzimide) is comparable to that of collagen
IV. Note the accumulation of spots of laminin in the deeper
parts of the invasive pathway (bottom). x300.

Integrin Switch

The gradual switch from the basal lamina receptor o6p4
to interstitial receptors such as aSB1, a1B1, and o integ-
rins, in normal intrauterine pregnancies is characteristic
of the transition from the proliferative to the invasive
phenotype of extravillous trophoblast and has been called
the integrin switch. It is still an open question whether in
this transitional zone all cells stepwise downregulate
06B4 and upregulate interstitial integrins. The data by
Kemp et al. (2002) suggest another possibility. They show
that the small spindle-shaped trophoblast cells only
express interstitial integrins, independent of the ECM
they are attached to. By contrast, the large, polygonal
trophoblast cells seem to coexpress all integrins, depend-
ing on the matrix they are attached to. If this holds true,
the integrin switch would reflect the numerical balance
of cells found in the respective area.

The integrin switch has raised considerable interest
since it seems to be involved in the regulation of tropho-
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blast invasion in the placental junctional zone (Zhou et
al., 1993; Damsky et al., 1993; Lim et al., 1995). Bischof et
al. (1995) found a6 expression by extravillous trophoblast
to be positively correlated with gelatinase secretion,
whereas the secretion ceased as soon as o5 expression was
turned on. Cause and effect, however, are not clear. Irving
and Lala (1995) stated that blocking of a:5B1 by specific
antibodies inhibited trophoblast migration in vitro. It is
likely, however, that the results of such in vitro studies
strongly depend on unknown experimental parameters;
thus, Librach et al. (1991a) came to opposite experimental
findings. In their in vitro experiments, antibody blocking
of the olfl integrin impaired trophoblast invasion,
whereas antibody blocking of o531 even stimulated inva-
sion. Data by Ilic et al. (2001) on the focal adhesion kinase
(FAK) underline the importance of integrins for the inva-
sion process; FAK transduces signals from the ECM into
the cell. Inhibition of FAK expression reduced invasive-
ness of cytotrophoblast in to ECM in vitro.

o5 B1/od Bl Balance

These and other findings suggest that the balance of o531
and a1B1 expression may be critical for the regulation of
trophoblast invasion:

e The importance of this o5/al integrin balance is further
underlined by recent data concerning the interactions
between antiphospholipid antibodies and trophoblast
invasion. Aminophospholipid antibodies, anticardio-
lipin antibodies, and antiphospholipid antibodies in
lupus anticoagulant were shown to inhibit trophoblast
invasion in vitro and in vivo (Mclntyre, 2003; Bose et
al.,2004). The antibodies primarily seem to affect endo-
vascular trophoblast invasion rather than interstitial
invasion (Sebire et al., 2002). Interestingly, antibodies
obtained from the same patients decreased ol integrin
expression by cytotrophoblast in vitro, but increased
o5 expression (di Simone et al., 2002).

e Also, insulin-like growth factor binding protein-1,
IGFBP-1, may be involved in the control of integrin
expression. Irving and Lala (1994, 1995) have shown
that decidua-derived IGFBP-1 binding to o581 by
means of its arginine-glycin-aspartic acid (RGD)-
sequence (and thus blocking the integrin for other
ligands?) promoted invasion, an effect that was inhib-
ited by the presence of a5B1 blocking antibodies.

e Tumor necrosis factor-o, TNFa, a secretory product of
decidual macrophages, upregulates the expression of
integrin al1f1l (Defilippi et al., 1992). According to
Irving and Lala (1995), TGF-B upregulates expression
of integrin o5B1 and reduces the migratory effects of
invasive trophoblast. Finally, according to the latter
group, IGF-II has no obvious effect on integrin expres-
sion, but stimulates migration.
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Even though partly contradictory, these data suggest
that the balance between oS5B1 integrin including its
ligands and o1fB1 including its ligands may be important
for regulation of trophoblast invasion. Imbalance may
result in insufficient invasion and is discussed as a basic
pathogenetic event in preeclampsia (Damsky et al.,
1993).

Other Cell Adhesion Molecules and Gap
Junction Molecules

E-cadherin is an adhesion molecule that establishes cell-
to-cell contacts. Proliferative cells of the proximal cell
columns express this adhesion molecule (Fig. 9.11A),
whereas it is turned off with increasing invasiveness
(MacCalman et al., 1995; Winterhager et al., 1996). In
endovascular cytotrophoblast expression it is again
upregulated. In tumor pathology, reduction of E-cadherin
expression is regarded as an indicator of premalignant
changes of epithelial tumors (Pizarro et al., 1995). This
notion is further supported by the fact that antiphospho-
lipid antibodies, which decrease trophoblast invasiveness
in vitro, at the same time upregulate E-cadherin expres-
sion of these cells (di Simone et al., 2002).

N-CAM, the neural cell adhesion molecule, is not only
responsible for cell-to-cell contacts but also for matrix
adhesion. In early pregnancy, N-CAM-positive extravil-
lous trophoblast cells are abundant in all parts of the basal
plate including intraarterial trophoblast cells (Fig. 9.11A);
only the intramural trophoblast cells of the arteries stained
weaker if at all (King & Blankenship, 1995, findings in the
rhesus monkey). With advancing pregnancy, N-CAM
expression is restricted to the more proximal, prolifera-
tive phenotype. Burrows et al. (1994) confirmed these
findings for the human extravillous trophoblast.

Connexin 40 is similarly distributed to E-cadherin.
Connexins are gap junction molecules that support cell-
to-cell communication and seem to be important for cell
proliferation and differentiation. Among the connexins
studied so far, only connexin 40 (cx40) has been found in
extravillous trophoblast (Winterhager et al., 2000). Its
expression is most prominent in the proximal, prolifera-
tive parts of the cell columns (Fig. 9.11A) and cell islands
where the cells are still in contact with each other (Hell-
mann et al., 1995; von Ostau et al., 1995; Winterhager et
al., 1996). With transition to the invasive phenotype, cx40
is downregulated. Deeply invasive groups of aggregated
trophoblast cells again express cx40, whereas endovascu-
lar trophoblast cells probably do not (Winterhager et al.,
1996). (For further details concerning the role of cell
adhesion molecules for the vascular invasion see Tropho-
blast-Endothelial Adhesion Mechanisms).

CEACAM1 (CD66a, C-CAM, BGP) has raised
interest as an adhesion molecule belonging to the car-
cinoembryonic antigen family. Bamberger et al. (2000)
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Figure 9.11. A: Adhesion molecules. Expression patterns of
connexin 40, E-cadherin, and neural cell adhesion molecule (N-
CAM) along the invasive pathway. Question marks indicate
unclear findings. For details see text. B: Matrix metalloprotein-
ases 1, 2, 3, and 9 and their inhibitors TIMP-1 and TIMP-2
are immunoreactive in extravillous trophoblast cells (red and

have shown that CEACAMI1 was strongly expressed by
the invasive phenotype of extravillous trophoblast as
well as by extravillous trophoblast cells with invasive
phenotype in vitro. The authors conclude from their
data that the molecule is not only a useful marker for
invasive trophoblast but also that it might be functionally
implicated in mediating trophoblast/endometrial or tro-
phoblast/endothelial interactions during the invasion
process.

Proteinases, Activators and Inhibitors
Involved in Trophoblast Invasion

Extravillous trophoblast has to fulfill two largely differ-
ent functions:

¢ Invasion of maternal tissues including infiltration of
maternal vessels, supported by lytic activities of pro-
teinases destroying a.o. maternal ECM;

¢ Anchorage of the placenta to the maternal tissues by
secretion and continuous turnover of trophoblastic
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yellow dots), in decidual cells (not marked) and in the surround-
ing extracellular matrix (not marked). The distribution patterns
depend on the type of trophoblast cell and stage of pregnancy.
(Source: Modified from Kaufmann & Castellucci, 1997, with
permission.)

ECM acting as a kind of glue between cells of maternal
and fetal origin (Feinberg et al., 1991b).

Both processes require the secretion of a broad panel of
proteases destroying the ECM of the host tissue (for
review, see Fisher et al., 1985; Graham & Lala, 1991;
Bischof & Martelli, 1992) and providing the turnover of
the self-produced trophoblastic ECM. Recent data suggest
that these two aspects of extravillous trophoblast function
can be attributed to two different subtypes of cells:

e The highly invasive small spindle-shaped trophoblast
e The noninvasive large polygonal trophoblast cells
(Kemp et al., 2002)

In accordance with these functions, both cellular subtypes
would be expected to express different patterns of prote-
ases. Respective data are, however, still meager.

Among the best studied proteinases are the matrix
metalloproteinases (MMPs). It has been proven in vitro
that they are secreted by trophoblast cells (Bischof et al.,
1991). Respective immunoreactivities can be found not
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only intracellularly but also with increasing invasive
depth in the surrounding extracellular matrix.

MMP-1 (interstitial collagenase) degrades various
interstitial collagens, among others collagens I and III,
which are most abundant in the endometrium. Because
of this, it is not surprising that invasive extravillous tro-
phoblast expresses interstitial collagenase (Fig. 9.11B)
(Moll & Lane, 1990; Vettraino et al., 1996; Huppertz
et al., 1998d). Its expression has also been proven in tro-
phoblast cell culture (Emonard et al., 1990).

MMP-2 (72-kd-type IV collagenase, gelatinase A)
degrades mainly collagen IV. Its expression in extravil-
lous trophoblast has been demonstrated by immunohis-
tochemistry and in situ hybridization (Fig. 9.11B)
(Autio-Harmainen et al., 1992; Fernandez et al., 1992;
Blankenship & King, 1994b; Polette et al., 1994; Huppertz
et al., 1998d) as well as by in vitro approaches (Emonard
et al., 1990). The mRNA of this proteinase was found only
in the invasive phenotype (Polette et al., 1994).

MMP-3 (stromelysin-1) degrades fibronectins, laminin,
various collagens, and core proteins of proteoglycans.
According to Huppertzetal.(1998d),itis weakly expressed
within the proximal proliferating layers, downregulated
in early invasive stages, and again upregulated in later
invasion (Fig. 9.11B). Most of the extracellular immu-—
noreactivities are linked to the fibronectin fibrils in the
ECM.

MMP-7 (matrilysin) is a characteristic product of epi-
thelial cells, cleaving among others proteoglycans, elastin
and fibronectins. It was found to be predominantly
expressed in the invasive phenotype of trophoblast and
decidua; overexpression by the invasive trophoblast was
shown in preeclampsia (Vettraino et al., 1996).

MMP-9 (92-kd-type IV collagenase, gelatinase B)
mainly degrades collagen IV and in this respect is similar
to MMP-2. It is present at both mRNA and protein levels
in the proximal, proliferating layers of extravillous tro-
phoblast (Polette et al., 1994). Expression is downregu-
lated in the early invasive stages and then upregulated
again in the deeper stages of invasion (Huppertz et al.,
1998d) (Fig. 9.11B). An antibody against MMP-9 com-
pletely inhibited trophoblast invasion in vitro (Librach et
al., 1991b). Expression decreases toward term (Fisher et
al., 1989; Librach et al., 1991b; Polette et al., 1994). In vitro
findings by Graham et al. (1996) showed reduced active
MMP-9 in culture supernatants of trophoblast cells
derived from preeclamptic pregnancies.

MMP-11 (stromelysin-3) is a laminin-, collagen IV-,
and proteoglycan-degrading proteinase. According to
immunohistochemical and in situ hybridization findings
by Maquoi et al. (1995, 1997) and Polette et al. (1994), it
is expressed only by the invasive phenotype of extravil-
lous trophoblast.

MMPs-14 and 15 (MT-MMPs, membrane-type matrix
metalloproteinases) activate MMP-2 and are expressed
by proliferating and invasive trophoblast cells in first and
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third trimesters (Nawrocki et al., 1995, 1996; Hurskainen
et al., 1998).

TIMPs, the tissue inhibitors of matrix metalloprotein-
ases, regulate MMPs. In the human placenta TIMP-1, an
inhibitor of all known MMPs, and TIMP-2, which prefer-
entially interacts with MMP-2, have been described as
being expressed by both decidual cells and by extravil-
lous trophoblast cells (Fig. 9.11B) (Damsky et al., 1993;
Polette et al., 1994; Ruck et al., 1995, 1996, 1997; Marzusch
et al., 1996). These data suggest paracrine and autocrine
control of MMP action. Moreover, TIMP-3 an inhibitor
of MMP-9 and MT-MMP1, is expressed by invasive tro-
phoblast cells (Bass et al., 1997). The regulatory potential
of TIMPs was shown in vitro: TIMP-1 and TIMP-2 com-
pletely inhibited human cytotrophoblast invasion in vitro
(Librach et al., 1991b).

MMPs and EVT phenotype: There are only a few pre-
liminary data on the expression of MMPs and their inhib-
itors by the various subtypes of extravillous trophoblast.
These suggest that MMP-3 (stromelysin) is preferably
expressed by the highly invasive small spindle-shaped
trophoblast cells. The fibronectin-degrading activity of
this protease would be in agreement with the fact that
spindle-shaped trophoblast is mostly embedded in fibro-
nectins rather than in collagens and laminins (Kemp et
al.,2002). In contrast, the poorly invasive, large polygonal
trophoblast cells throughout pregnancy express all MMP
isoforms described so far in extravillous trophoblast (see
above). This finding supports the view that MMP expres-
sion per se is not an indicator of invasiveness. Rather
MMPs such as interstitial collagenase and type IV colla-
genases may also be required for the turnover of self-
secreted ECM by a more or less noninvasive cell. This
view is further underlined by recent findings by Huisman
et al. (2004), who did not find differences in MMP-2 and
MMP-9 activities when comparing placentas with normal
trophoblast invasion and those with reduced trophoblast
invasion. Also the data by Bauer et al. (2004) suggest that
MMP-9 expression does not correlate with invasiveness.
Several publications (Bischof et al., 2000a, 2003; Wang
et al.,, 2001; Campbell et al., 2003; Staun-Ram et al.,
2004) add further details to this puzzle but do not
answer the question as to the role of the various MMPs
in invasion and/or anchorage of the placenta by ECM
turnover.

Provided that MMPs are involved in the turnover of
ECM, acting as “glue” among maternal and fetal tissues,
these proteinases may also be related to the initiation of
labor and to the separation of the placenta from the
uterine wall (for review see Bryant-Greenwood & Yama-
moto, 1995; Bryant-Greenwood, 1998). During spontane-
ous labor, but before delivery, MMP-3 and MMP-9 mRNA
levels are significantly increased, whereas after spontane-
ous delivery tissue-type plasminogen activator (tPA) (see
below) and TIMP-1 mRNA levels were increased (Bryant-
Greenwood & Yamamoto, 1995).
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Leptin seems to regulate MMP expression in extravil-
lous trophoblast. Castellucci and coworkers (2000) found
the leptin receptor strongly expressed in the distal, inva-
sive trophoblast of cell columns. In vitro invasiveness of
trophoblast cells was stimulated by leptin (Castellucci et
al., 2000; Schulz & Widmaier, 2004) and could be blocked
by simultaneous administration of MMP inhibitors. Immu-
nohistochemically, the expression of MMP-2 and MMP-9
as well as of oncofetal fibronectin was upregulated by
leptin administration in vitro (Castellucci et al., 2000).

Plasminogen activators convert plasminogen to plasmin,
which activates other proteinases. Two plasminogen acti-
vators are known: urokinase-type plasminogen activator
(uPA) and tPA. The expression of uPA by extravillous
trophoblast has been shown by Hofmann et al. (1994),and
uPA m-RNA has been found in isolated human cytotro-
phoblast (Eldar Geva et al., 1993). Moreover, uPA recep-
tor is expressed in extravillous trophoblast (Multhaupt et
al., 1994; Pierleoni et al., 1998). There are no hints as to the
expression of tPA by extravillous trophoblast. Also the
inhibitors of uPA and tPA (i.e., PAI-1 and PAI-2) have
been found in human trophoblast (Astedt et al., 1986;
Feinberg et al., 1989). In agreement with the presence of
uPA, only PAI-1 is expressed by invasive cytotrophoblast
of cell islands and cell columns (Feinberg et al., 1989) and
was suggested to control trophoblast invasion (Floridon
et al.,2000). Recent data by Chou et al. (2002) suggest that
gonadotropin-releasing hormone (GnRH) I and II may
facilitate trophoblast invasion by increasing the ratio of
uPA/PAI-1 expression via interactions with two distinct
GnRH receptors. In contrast, tPA and PAI-2 were found
only in villous syncytiotrophoblast where they are thought
to regulate fibrinolysis (Feinberg et al., 1989).

Other serine protease inhibitors, such as o,-antichymo-
trypsin, oy-antitrypsin, and inter-o.-trypsin inhibitor, have
only rarely been studied. None of them was immunoreac-
tive within the extravillous trophoblast; however, the sur-
rounding matrix-type fibrinoid in cell columns and basal
plate showed ample reaction product (Castellucci et al.,
1994). The authors suggested that the protein is so rapidly
exported into the ECM that no intracellular immunore-
activity is detectable.

Nitric Oxide and Trophoblast Invasion

¢ In lower concentrations, as produced by the endothe-
lial isoform of the enzyme nitric oxide synthase (eNOS),
NO causes vasodilatation.

e Higher NO levels as produced by the macrophage
isoform [macrophage nitric oxide synthase (mNOS)/
inducible nitric oxide synthase (iNOS)] are said to be
cytotoxic.

Nitric oxide synthase immunoreactivities in extravil-
lous trophoblast were described for the first time by
Morris et al. (1993). This finding raised little attention.
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The potential importance of these results, however, is
stressed by experimental findings in rats and guinea pigs;
Yallampalli and Garfield (1993), Chwalisz and Garfield
(1994), and Garfield et al. (1994) have shown that pre-
eclampsia-like symptoms, including hypertension, pro-
teinuria, and fetal growth restriction, can be induced in
rats and guinea pigs by blocking nitric oxide synthase
with [-NAME. The experiments were successfully
repeated by Osawa et al. (1995) in rats.

These findings led us to study trophoblast invasion in
relation to NOS expression by means of immune- and
enzyme-histochemistry in guinea pigs (Nanaev et al.,
1995). The results indicated that uteroplacental vessel
dilatation in this species is related to eNOS expression in
periarterial trophoblast cells, the latter corresponding to
the interstitial subpopulation of extravillous trophoblast
in the human. Invasion and destruction of the vessel walls
as well as formation of intraarterial trophoblastic plugs
in the guinea pig appeared to be secondary to the NO-
mediated arterial dilatation. The question remained open
as to whether or not extravillous trophoblast cells in the
guinea pig also express mNOS.

These findings obtained in the guinea pig where chal-
lenged by Lyall et al. (1999), who did not detect expres-
sion of eNOS or iNOS in extravillous trophoblast in
human placental bed biopsies from weeks 8 to 19. In
contrast, Martin and Conrad (2000), by means of immu-
nohistochemistry and in situ hybridization, found eNOS
to be expressed in human interstitial trophoblast. These
latter data were further supported by in vitro findings by
Cartwright and coworkers (1999): Using a human tropho-
blast cell line that expressed both the constitutive (eNOS)
and the inducible isoforms (iNOS), these authors could
demonstrate that also human trophoblast cell motility
and invasion strongly depended on trophoblast-derived
NO. The effect, however, depended on the contempora-
neous availability of hepatocyte growth factor (HGF) (cf.
Cytokines and Hormones Controlling Differentiation of
Extravillous Trophoblast, above).

Data by Graham’s group (Postovit et al., 2001) shed a
different light on the role of NO in trophoblast invasion.
Their in vitro findings reveal that low concentrations of
NO-mimetic drugs (glyceryl trinitrate and sodium nitro-
prusside) inhibit the ability of trophoblast cells to pene-
tratethroughreconstituted ECM (Matrigel).Thisinhibition
was accompanied by a reduced expression of the cell
surface urokinase receptor,a molecule important for inva-
sion. The authors conclude that maternal macrophages
infiltrating the uteroplacental artery walls in preeclampsia
(Reister et al., 1999) might secrete levels of NO high
enough to inhibit endovascular trophoblast invasion.

Major Basic Protein

Studies have shown that extravillous trophoblast cells
also produce substantial quantities of major basic protein
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(MBP) (Wasmoen et al.,1989,1991). This protein is similar
to that contained in the granules of eosinophilic granulo-
cytes. Eosinophil MBP is highly toxic to parasites, as well
as to cells (Maddox et al., 1984; Kephart et al., 1988). It
was found to circulate in the blood of pregnant women at
levels 10 to 20 times higher than in nonpregnant women,
in the absence of eosinophilia (Maddox et al., 1983). The
concentration of this nonglycosylated protein increases
significantly before the onset of labor (Wasmoen et al.,
1987). It decreases rapidly after delivery.
Immunohistochemical studies and extraction of pla-
centas, particularly of cyst fluid, showed MBP to be
derived from the extravillous trophoblast cells in the pla-
centa (Maddox et al., 1984). Immunoreactivity for the
protein was found as early as the sixth week of pregnancy
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and was confined to trophoblast cells in anchoring villi,
septa, basal plate, and placental site giant cells (Fig. 9.12).
No immunostaining was observed in villous Langhans’
cells, syncytium, fibrinoid, or decidual cells. The tropho-
blast of ectopic pregnancies and hydatidiform moles
stained positively, whereas only one of two choriocarci-
nomas stained weakly. Immunohistochemistry showed
the protein to be present in small granules (Fig. 9.12D)
and to be packaged in membranes.

It may be premature to engage in much speculation
until more is known about the physiology of this protein.
For a complete consideration of all functions of eosino-
phils, their granules, and related phenomena, the reader
is referred to the review by Gleich and Adolphson
(1986).

Ficure 9.12. A,B: Intercotyledonary septum with
extravillous trophoblast cells above. There is immu-
nofluorescent localization of major basic proytein
(MBP) between septal extravillous trophoblast
cells but not in chorionic villi (below). Left: H&E
x100. Right: Anti-eosinophil granule MBP stain.
x100. C,D: Placental septum composed of extravil-
lous trophoblast cells. (Same technique as in A,B.)
Note the intense immunofluorescence among and
between cells. Left: H&E x400. Right: Anti-
eosinophil granule MBP stain. x400. (Courtesy of
Dr. G. J Gleich, Mayo Clinic, Rochester,
D Minnesota.)
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Cell Surface Carbohydrates

Carbohydrate epitopes on cell surfaces and on ECM mol-
ecules represent an important subgroup of oncofetal anti-
gens. They often have close molecular relations to normal
adult blood group antigens, the differences being based
either on blockage of the normal synthetic pathways or
on unusual synthetic pathways resulting in chain exten-
sion or atypical sialylation and fucosylation. Such carbo-
hydrate chains may act as immunologically relevant cell
surface markers (blood group antigen “i”, Frank et al.,
1995). Moreover, they may represent ligands for cell
adhesion molecules (sialyl-Lewis*, King & Loke, 1988;
Burrows et al., 1994).

Blood group antigen “i” is the most primitive precursor
of the ABO system of blood groups. It is expressed not
only by immature red blood cells but also by all stages of
invasive extravillous trophoblast (Fig. 9.13) (Frank et al.,
1995). Its expression by fetal cells invading the maternal
organism raises the question of whether the cell surface
expression of an immature blood group antigen that every
human organism has expressed throughout embryonic

Figure 9.13. Human leukocyte antigen G (HLA-G)
as well as the glycosyl epitopes “I”” and sialyl-Le* are
expressed only by the invasive phenotype of extravil-
lous trophoblast. The sialyl-Le* positive intraarterial
trophoblast cells can adhere to the maternal endo-
thelium that expresses the respective receptors, E-
and P-selectin only at the implantation site.
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and fetal life prevents immune recognition of extravillous
trophoblast cells by the maternal immune system (see
Endometrial Large Granular Lymphocytes Endometrial
NK Cells, uNK Cells, below). Interestingly, the identical
carbohydrate chain “I” was also found extracellularly in
the invasive zone bound to trophoblast-secreted fibronec-
tin molecules (Frank et al., 1995; Huppertz et al., 1996).
As was shown by Zhu and coworkers, respective glycosyl-
ation of ECM molecules decreased their collagen bind-
ing and increased their resistance to proteolytic cleavage
(Zhu et al., 1984; Zhu & Laine, 1985).

The slightly more mature blood group antigen *“I”
could be detected in human trophoblast only after siali-
dase pretreatment, thus indicating that not “I” but rather
sialyl-“I” is expressed (Frank et al., 1995). Sialyl-“I”
immunoreactivity was found on villous syncytiotropho-
blast and only in few cases on the surfaces of invasive
extravillous trophoblast cells, where it was coexpressed
with “1.”

Sialyl-Lewis*, another cell surface carbohydrate, is
expressed by intraarterial trophoblast cells (Fig. 9.13)
(King & Loke, 1988). It acts as a ligand for the lectins
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E- and P-selectin both of which are expressed by mater-
nal endothelium at the implantation site (Fig. 9.13)
(Burrowsetal.,1994). Usually,both selectins are expressed
by endothelium during inflammatory reactions. They
enable leukocytes expressing sialyl-Le* to attach and to
leave the vessel wall. These data suggest that at the
implantation site, trophoblastic invasion of the arterial
walls initiates the respective inflammatory reaction,
resulting in selectin expression and intraluminal tropho-
blast adhesion. Interestingly, the sialyl-Le*/E-selectin
adhesive interaction is also involved in the adhesion of
human cancer cells to human umbilical vein endothelial
cells in vitro (Takada et al., 1993).

MHC Class I Molecules

Villous cyto- and syncytiotrophoblast separating mater-
nal blood and villous stroma express neither MHC class
I nor class II antigens (for review see Loke, 1989). The
proliferating stem cells of the cell columns share the
MHC negativity with the villous trophoblast. By contrast,
the invasive extravillous trophoblast cells express non-
classical MHC-I molecules (Schmidt & Orr, 1993;
Chumbley et al., 1994a,b; Colbern et al., 1994; McMaster
et al., 1995; for review, see Hutter et al., 1996 and Loke
et al., 1997).

From the morphologic point of view, the situation
becomes even more interesting when one compares the
immunohistochemical distribution of MHC-I antigen
with the distribution of the class I MHC mRNA (Hunt
et al., 1990, 1991). Hunt and coworkers described three
different patterns:

e Villous cytotrophoblast (Langhans’ cells) contains class
I mRNA but does not express the MHC I antigen.

¢ Villous syncytiotrophoblast neither expresses MHC I
antigen nor contains class | mRNA.

e Invasive extravillous cytotrophoblast contains the
mRNA message and expresses nonclassical MHC 1
antigen.

These results are in agreement with findings by Lata
et al. (1992), who concluded that MHC-I expression is
regulated by posttranscriptional events. Moreover, these
findings support the view that the trophoblast cells resting
on villous and extravillous basal laminae represent a
uniform population of proliferating stem cells for both
villous syncytiotrophoblast and extravillous cytotropho-
blast (Kaufmann & Castellucci, 1997).

In 1990, these nonclassical, nonpolymorphic MHC-I
molecules were identified as human leukocyte antigen-G
(HLA-G) (Kovats et al., 1990). So far, substantial evi-
dence for the presence of both HLA-G mRNA and
protein was found only in extravillous trophoblast
(Chumbley et al., 1994a,b; Hutter et al., 1996); in contrast,
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HLA-G mRNA was described in various nonplacental
tissues (from Loke, 1997; Shukla et al., 1990; Houlihan et
al., 1992; Kirszenbaum et al., 1994; Ulbrecht et al., 1994).
Detection of the HLA-G protein is difficult, since there
seem to be substantial problems in raising antibodies that
specifically recognize HLA-G or one of its isoforms. So
far HLA-G antibodies have been generated only by using
HLA-G transgenic mice (Chumbley et al., 1994a,b). The
situation is complicated even more by the fact, that
various soluble or membrane-bound HLA-G isoforms
exist, probably generated by alternative splicing (from
Loke, 1997; Ishitani & Geraghty, 1992; Fuji et al., 1994).
Immunohistochemically, HLA-G protein has been
detected in the invasive phenotype of extravillous tro-
phoblast (Fig. 9.13), the expression level decreasing
toward term in parallel to decreasing invasiveness of the
cells (Shorter et al., 1993; McMaster et al., 1995). Also in
preeclampsia the HLA-G expression levels in the mater-
nofetal junctional zone were found to be decreased
(Colbern et al., 1994); it is still a matter of debate whether
this reduction is due to generally reduced numbers of
invasive trophoblast cells in this condition.

The functional role of HLA-G is still a matter of inves-
tigation. The low degree of polymorphism of its gene
locus does not support the hypothesis that HLA-G may
have evolved for classical T-cell interaction (Loke et al.,
1997). The HLA-G-reactive T cells have never been
observed (King et al., 1997). It was proposed that HLA-G
acts as a target for decidual NK cells rather than for T
cells (King & Loke, 1991; Loke & King, 1991). In this way,
extravillous trophoblast may be protected against NK
cell attacks, which are to be expected against MHC-I-
negative cells. Nevertheless, HLA-G is able to present
intracellular nonapeptides like the classical class I mole-
cules (for review, see Hutter et al., 1996), and thus does
notnecessarily prevent T-cell-mediated immune response.
For further discussion of HLA-G functions see Le
Bouteiller et al. (2003).

Substantial evidence has accumulated that also HLA-
C, which is less polymorphic than HLA-A or HLA-B,
is expressed in extravillous trophoblast cells (Grabowska
et al., 1990; King et al., 1996; for review see Hutter et al.,
1996). Similar to HLA-G, HLA-C can present nonapep-
tides. At the moment, the functional role of HLA-C at
the maternofetal interface is discussed along the same
lines as for HLA-G, including the interactions with decid-
ual NK cells (Loke & King, 1995).

In addition, HLA-E, another nonpolymorphic MHC
molecule, is expressed by extravillous trophoblast. Differ-
ent from the other non- or minimally polymorphic HLA
molecules, HLA-E is ubiquitously expressed by a wide
variety of cell types. Only HLA-E molecules that present
nonamer peptides derived from the signal sequences of
other HLA class I molecules, are expressed at the cell
surfaces and are recognized by the dimeric receptor
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CDY94/NKG2A (Borrego et al., 1998; Lee et al., 1998).
Binding of HLA-E to this receptor prevents NK cell-
mediated lysis of the target cells.

The data on HLA-E raise the question of whether
expression of HLA-G or HLA-C alone is sufficient to
prevent NK cell attacks or whether coexpression with
HLA-E is required, the latter presenting nonapeptides
of the former nonclassical MHC molecules (Llano
et al., 1998).

Meanwhile there is sufficient evidence, that uterine
natural killer cells (uNK cells) in fact sense extravillous
trophoblastic HLA-C, HLA-G, and HLA-E molecules
and react with an altered NK cell cytokine profile, which
modulates the invasive properties of extravillous tropho-
blast (King et al., 2000).

Normal Extravillous Trophoblast Cells Are
Never Proliferative and Invasive at One Time

Taken together, different from tumor cells, normal
extravillous trophoblast leaves the cell cycle before
becoming invasive. Accordingly, the various stages of dif-
ferentiation within the invasive pathway have been sub-
divided in two phenotypes: a proliferative and an invasive
one (for review, see Fisher & Damsky, 1993; Kaufmann
& Castellucci, 1997). In the light of recent findings, this
classification probably is too simple and the following
might be closer to the truth:

The proliferative and early postproliferative pheno-
type is characterized by

e the location of the cells on or close to the fetal stromal
basal lamina, forming a compact cluster of cells attached
to each other by intercellular junctions;

e immunopositivity for the proliferation markers MIB-
1/Ki-67 and expression of EGFR (c-erbB-1);

e expression of epithelial integrins 0634, and partly a3p1;

e polar secretion of ECM as a basal lamina (only proxi-
mal layer of cells) or absence of visible matrix secretion
(all following layers of cells);

e cells either resting on a basal lamina or moving away
from the basal lamina by proliferation and prolifera-
tion pressure of parent cells, but the absence of the
cell’s own active migratory or even invasive behavior.

After switching to the invasive phenotype (spindle-
shaped trophoblast) the trophoblast cells

e have left the basal lamina and have invaded deeper
layers of the maternofetal junctional zone;

e have irreversibly left the cell cycle and express the
proto-oncogene c-erbB-2 rather than c-erbB-1;

e express interstitial integrins such as o581, o1p1, avf3,
and av5 either alone or in addition to the epithelial
integrin 0634;

e show different degrees of apolar secretion of extracel-
lular matrix,
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e upregulate certain matrix metalloproteinases (MMP-2,
MMP-11);

e show active migratory behavior (across their self-
secreted ECM) or true invasive behavior (across the
maternal host tissue, partially destroying the latter).

The final stage of differentiation is downregulation of
invasion

¢ by polyploidization (large polygonal trophoblast)
e or syncytial fusion (multinucleated giant cells).

These data have prompted placentologists to assume
that during normal placentation proliferation and inva-
sion do not coexist in one and the same cell. The switch
from the proliferative to the invasive phenotype was
thought to comprise synchronous switching of all other
parameters belonging to the same phenotype, as defined
above. From these conclusions it was deduced that

¢ temporal and spatial separation of proliferation and inva-
siveness along the normal invasive pathway of extravil-
lous trophoblast limits the depth of trophoblast invasion
to the lifespan of the individual trophoblast cell;

e temporal and spatial coincidence of proliferation and
invasion in “malignant” invasion in tumors increase
invasiveness and enable unlimited invasive depth.

These features were thought to embody the major dif-
ference between “normal” trophoblast invasion in preg-
nancy as compared to tumor invasion; however, this view
may still be too simple. The clearly defined switch of phe-
notypes was questioned by earlier in vitro data from the
Lala group (for review, see Irving et al., 1995) who immu-
noselected o5-integrin—positive cells and found them to
be still proliferative. Also observations in tubal pregnan-
cies (Kertschanska et al., 1998; Kemp et al., 1999, 2002)
revealed proliferation in deeply invasive extravillous
trophoblast cells that had undergone the integrin switch
from o6P4 to a5PB1 and showed apolar matrix secretion.
Biologically, the extravillous trophoblast in extrauterine
pregnancies is expected to be normal trophoblast, the
only difference being the abnormal implantation site.

These data suggest that also in the case of normal
extravillous trophoblast, proliferation and invasion do
not necessarily exclude each other. More likely, prolifera-
tion is downregulated by local factors, an event that in
the intrauterine milieu, but not in the fallopian tube, coin-
cides with the integrin switch and the onset of invasion.
Partial overlap of proliferation with invasiveness may
explain the enhanced invasiveness in tubal pregnancies.
Additional factors include missing limitation of invasive-
ness, for example, by missing polyploidization of spindle-
shaped trophoblast (Kemp et al., 2002), by missing
syncytial fusion into multinucleated trophoblastic giant
cells (Kemp et al., 2002), and by reduced trophoblast
apoptosis (von Rango et al., 2003).
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Similarly aberrant switching of phenotypes may take
place during trophoblast invasion in accreta and percreta
intrauterine placentation. Both tubal pregnancy and pla-
centa accreta/percreta have in common locally deficient
decidualization. Therefore, decidual factors should be
investigated to determine if they are involved in the tem-
poral and spatial coordination of trophoblast prolifera-
tion and invasion.

Oxygen-Mediated Regulation of
the Invasive Pathway

The oxygen partial pressure at the fetomaternal interface
varies with gestational age. Studies with oxygen elec-
trodes (Rodesch et al., 1992) have shown that the oxygen
pressure in the intervillous space rises at around week 12
of gestation as a result of increased intervillous perfusion
(see Uteroplacental Vessels), but is very low throughout
the early stages of pregnancy. In the first trimester the
following oxygen values were reported (for review, see
Lyall & Kaufmann, 2000):

¢ Intervillous oxygen pressure was measured to be only
about 18 mm Hg.

e Maternal intraarterial pO, is about 95 to 100mm Hg.

e Endometrial and myometrial pO, are expected to be
between both the above values.

Thus, there is a steeply rising pO, gradient from the
proximal layers of the cell columns (close to the intervil-
lous space) toward the myometrium and even steeper
toward the uteroplacental arteries, both representing the
two end points of the invasive pathway. The question was
raised whether this gradient may be a driving force for
trophoblast proliferation, differentiation, and invasion
(for review, see Lash et al., 2002), the effects being medi-
ated by oxygen-controlled cytokines (Kourembanas
et al., 1991; Shweiki et al., 1992; for review, see Lyall &
Kaufmann, 2000).

Hypoxia stimulates trophoblast proliferation: The
effects of oxygen concentration on proliferation of tro-
phoblast in vitro were tested by Genbacev et al. (1996,
1997). These authors have shown that hypoxic conditions
increase the overall proliferative capacity of isolated tro-
phoblast cells. By contrast, in normoxic conditions, in
vitro proliferation was reduced. This in vitro behavior of
human trophoblast is in agreement with in vivo data
obtained from severely anemic mothers (Kosanke et al.,
1997; Kadyrov et al., 2003).

Does hypoxia reduce trophoblast invasiveness? In the
same series of in vitro experiments Genbacev et al. (1996,
1997) found evidence that hypoxia did not only stimulate
proliferation of isolated trophoblast cells but also inhib-
ited their invasiveness, whereas normoxic conditions
enhanced in vitro invasiveness. These data were sup-
ported by Kilburn et al. (2000), who found a6-integrin
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expression increased and ol-integrin expression down-
regulated under hypoxic conditions.

Genbacev's group explained the reciprocal dependence of proliferation
and invasiveness on local oxygen levels by studying the expression of
the von Hippel-lindau tumor-suppressor protein, which regulates the
stability of HIF1o and HIF20. (Genbacev et al., 2001). Hypoxia induc-
ible factor transcriptionally regulates the genes of growth factors that
are involved in developmental, physiologic, and pathologic responses
to hypoxia. The level and transcriptional activity of this complex is pre-
cisely regulated by the cellular oxygen concentration (for review see
Caniggia & Winter, 2002; for further details see Oxygen-Controlled
Angiogenic Growth Factors in Chapter 7). The authors found the von
Hippel-Lindau tumor-suppressor protein highly expressed in proliferative
trophoblast, but downregulated in the invasive phenotype.

Or does hypoxia stimulate trophoblast invasiveness?
The finding of hypoxia-dependent reduction of tro-
phoblast invasiveness was used to explain reduced inter-
stitial trophoblast invasion (e.g., in preeclampsia). As
became evident from the data by Kadyrov et al. (2003),
trophoblast invasion in preeclampsia is in fact numeri-
cally reduced. However, in severe anemia, which provides
a clearly hypoxic environment in the uterine wall,
the same authors found increased invasiveness of tro-
phoblast (Kadyrov et al., 2003). Therefore the question
must be posed whether preeclampsia is really a good in
vivo model for hypoxia in the uterine wall. One may
argue that intrauterine hypoxia in this entity is not induc-
ing malinvasion of trophoblast but rather that malinva-
sion of trophoblast induced by other factors is causal for
the maladaptation of uteroplacental arteries and thus for
intrauterine hypoxia.

Several data underline the notion that hypoxia does
not simply impair invasiveness of trophoblast but possi-
bly even stimulates it, as suggested by the in vivo data
obtained in anemia:

e The expression of oxygen-controlled genes in tropho-
blast cells in vitro was studied by various approaches
(Pak et al., 1998).

e Fitzpatrick and Graham (1998) could demonstrate
increased expression of PAI-1 in immortalized tropho-
blast cells cultured under low oxygen levels. Plasmino-
gen activator inhibitor-1 is the inhibitor of uPA and is
expressed by extravillous trophoblast cells (Feinberg
et al., 1989).

e Graham’s group (1998) provided evidence that reduced
oxygen levels increased in vitro invasiveness of cyto-
trophoblast, an effect linked to elevated expression of
the cell surface receptor for uPA.

¢ The same conditions resulted in reduced expression of
oS integrin and reduced adhesion to vitronectin and
fibronectin (Lash et al., 2001).

e Also, the secretion of MMPs, important tools for cel-
lular invasion, seems to be regulated by oxygen.
Whereas hypoxia in vitro upregulates MMP secretion
by trophoblast cells, it downregulates at the same
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time the secretion of its inhibitors (TIMPs) (Canning
et al., 2001).

Data by Campbell et al. (2004) suggest that in vitro
experiments with trophoblast generally must be inter-
preted with care since the experimental design may influ-
ence the outcome. These authors found that hypoxia
increased trophoblast migration on semipermeable mem-
branes when cultured alone, but not in coculture with
decidual endothelial cells due to increased adhesion
between the two cell types.

In conclusion, all these data suggest an important role
for oxygen in the regulation of cellular invasion (Graham
et al., 2000; Lash et al., 2002), a role that more likely
points to stimulating effects of hypoxia on invasiveness
than to impairing effects.

Extracellular pH as Trigger of
Trophoblast Invasion

As discussed above, non-oncofetal cellular fibronectin
can universally be found in all extracellular compart-
ments of the placenta. In contrast, oncofetal fibronectins
containing the ED-B and III-CS domains are almost
exclusively secreted by extravillous trophoblast; the
amount of oncofetal fibronectins accumulating around
the extravillous trophoblast cells increases along the inva-
sive pathway from early postproliferative to deeply inva-
sive cells (Frank et al., 1994, 1995; Huppertz et al., 1996,
1998b,d; Kaufmann & Castellucci, 1997). Factors affecting
the secretion patterns of oncofetal fibronectins, therefore,
may be discussed as regulators of differentiation of
extravillous trophoblast and of trophoblast invasion.

In a recent study (Gaus et al., 2001) we have shown
interesting interactions between pH and trophoblast
invasion:

e The peripheral ends of anchoring villi and the attached
proliferative zone of cell columns show the strongest
tissue acidity (pK about 3.9) measurable within the
placenta in vivo; this area is the starting point of tro-
phoblast invasion.

e Acidic extracellular pH stimulates secretion of fibro-
nectins by extravillous trophoblast cell lines in vitro
and shifts their isoform pattern toward oncofetal splice
variants; this secretory pattern is preserved even fol-
lowing pH normalization.

e This behavior seems to be characteristic for extravil-
lous trophoblast, since choriocarcinoma cells and mes-
enchymal cells under identical experimental conditions
did not show a shift toward the secretion of oncofetal
fibronectins, though at least the latter are generally
responsive to changes in tissue acidity (Borsi et al.,
1996).

Similar data have been reported for pH-dependent alter-
native splicing of tenascin (Borsi et al., 1996). Taken
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together,these data suggest thatlocal tissue acidity besides
oxygen and various cytokines must be considered as
another factor triggering the secretion of ECM proteins
along the invasive pathway, and possibly even triggering
the transition into the invasive phenotype.

Trophoblastic Mechanisms Limiting
Trophoblast Invasion

A variety of mechanisms is under discussion to limit tro-
phoblast invasion. These include

e apoptosis (DiFederico et al., 1999; Genbacev et al.,
1999; Reister et al., 1999, 2001),

¢ polyploidization (Kemp et al.,2002; Zybina et al., 2002,
2004), and

e syncytial fusion (Kemp et al., 2002) of the invasive
trophoblast cells (Fig. 9.7).

Apoptosis: It has been shown that both villous and
extravillous trophoblast express the molecular machinery
of apoptosis (Huppertz et al., 1998a—c). Trophoblast
apoptosis was shown to prevent interstitial extravillous
trophoblast from invading uteroplacental arterial walls
in preeclampsia (Reister et al., 1999, 2001). Moreover,
DiFederico et al. (1999) and Genbacev et al. (1999) in
two articles derived from the same project, have reported
that in preeclampsia 15% to 50% of the extravillous
trophoblast cells in “the uterine wall to which the pla-
centa attaches” were TUNEL positive and thus destined
to undergo apoptosis. Based on these data the authors
suggested that increased trophoblast apoptosis is res-
ponsible for reduced interstitial trophoblast invasion in
preeclampsia.

In a later study, Kadyrov and coworkers (2003) found
much lower apoptosis indices of extravillous trophoblast
in the placental bed, ranging from 4.4% (preeclampsia)
to 7.2% (normal term placenta). Percentages of up to
50% TUNEL positivity of extravillous trophoblast, as
reported by DiFederico, would lead to complete loss of
this cell population within few days. Based on the photo-
graphs published in DiFederico’s paper, it seems likely
that the authors did not study placental bed biopsies
as claimed but rather basal plate specimens from the
delivered placenta.! Therefore, it has been suggested

! At this point, the importance of true placental bed studies must be
emphasized: Important pregnancy problems, such as preeclampsia, fetal
growth restriction, and spontaneous miscarriage have all been linked to
abnormalities in trophoblast invasion into the placental bed. Unfortu-
nately, most of the respective basic research to understand the patho-
genetic mechanisms is done either on the more easily available basal
plate or on in vitro models. In a recent review by Lyall (2002) the various
studies that have attempted to sample the placental bed together with
the difficulties in obtaining “true” placental bed biopsies have been
impressively reviewed.
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that DiFederico’s unusually high apoptosis indices
reflect local tissue degeneration along the demarcation
zone between placental basal plate and placental
bed, rather than the in vivo situation in the invasive
pathway and a true effect of preeclampsia (Kadyrov
et al., 2003).

According to von Rango et al. (2003) trophoblast
apoptosis is confined to the decidua basalis, the incidence
declining with advancing gestation. Interstitial apoptotic
trophoblast cells were always closely colocalized with
CD56" NK cells and the overall number of uNK cells
declined parallel to the reduction of trophoblast apopto-
sis when pregnancy advances. Interestingly, in tubal preg-
nancies, in which uNK cells were completely missing,
the incidence of trophoblast apoptosis was lowest. The
authors, therefore, suggest an interaction between uNK
cells and trophoblast apoptosis.

The data presented by Kadyrov et al. (2003) and von
Rango et al. (2003) support the view that some of the
extravillous trophoblast cells may be eliminated by apop-
totic death along the invasive pathway, but the same data
make it unlikely that apoptosis is the limiting factor for
trophoblast invasion. The data obtained from analysis
of complete placental bed/uterine wall samples revealed
that trophoblast invasion in normal pregnancies clearly
exceeded trophoblast invasion in preeclampsia regarding
both numerical density of invading trophoblast and inva-
sive depth. But interestingly the incidence of apoptotic
death (percentage of total extravillous trophoblast in the
invasive pathway) was also higher in normal pregnancy
as compared to preeclampsia, suggesting that increased
apoptosis cannot be made responsible for the poor and
shallow invasion in preeclampsia.

Syncytial fusion: It is generally thought that the multi-
nucleated trophoblastic giant cells of the placental bed
are formed by syncytial fusion (Kemp et al.,2002), though
respective fusion stages have not been observed yet.
Endomitosis as alternative mechanism is very unlikely
since MIB-1 reactivity has never been shown in these
cells or in neighboring trophoblast cells that may be con-
sidered precursors.

Interestingly, the multinucleated trophoblastic giant
cells accumulate usually in one layer close to the endo-
metrial-myometrial border. The concentration of giant
cells within one layer renders it quite unlikely, that they
are mobile or even invasive. Rather, the presence of this
layer together with the fact that the uninucleated inter-
stitial trophoblast cells may be found above (toward the
placenta) and partly also below this layer, suggest that the
multinucleated giant cell layer acts as a kind of net, trap-
ping many of those uninucleated invasive trophoblast
cells by fusion that try to pass into deeper layers (Kemp
et al., 2002).

Polyploidization: As discussed above, the uninucleated
population of interstitial extravillous trophoblast cells is
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composed of two different phenotypes (Kemp et al.,
2002):

¢ Small spindle-shaped trophoblast cells, which express “inter-
stitial integrins” (05B1, a1B1, and av-integrins) and secrete minor
amounts of oncofetal fibronectins. This pattern has for a long time
been discussed as an essential mechanism of invasiveness (Fisher &
Damsky, 1993; Akiyama et al., 1995; Huppertz et al., 1996;
Menzin et al., 1998). Aplin et al., (1999) have provided experimen-
tal evidence that the interaction between o531 integrins and fibro-
nectins is crucial for trophoblast invasion. These spindle-shaped
trophoblast cells are diploid to tetraploid (Zybina et al., 2002).

¢ Large polygonal extravillous trophoblast cells (the former
X cells), which express epithelial (0:6B4) and interstitial integrins and
embed themselves in large amounts of selfsecreted extracellular
matrix (laminins, collagen 1V, vitronectin, heparan sulfate, fibronec-
tins). These cells are rare in the depth of the invasive pathway but
rather accumulate in the basal plate. Moreover, they are the dominat-
ing cell type in the late, less invasive stages of pregnancy. The ample
ECM accumulated by these cells possibly acts as a kind of tropho-
blast-endometrial glue (Feinberg et al., 1991) anchoring not only the
cells but also the placenta fo its implantation site. These cells are
generally polyploid (Zybina et al., 2002). Also in rodents, insecti-
vores, and cerfain carnivores trophoblastic giant cells accumulate as
a compact layer of noninvasive trophoblast and show high degrees
of polyploidization (Zybina & Zybina, 1996; Klisch et al., 1999a,b;
Zybina et al., 2001).

According to the data by Kemp et al. (2002) and
Zybina et al. (2002,2004), the large polygonal trophoblast
cells represent not a separate line of differentiation
but rather a final step of differentiation of small
spindle-shaped trophoblast cells that polyploidize and
thereby differentiate into an ECM-secreting, noninvasive
phenotype.

The degree is still open to which all three mechanisms
(apoptotic death, syncytial fusion, and polyploidization)
contribute to the limitation of trophoblast invasion in
normal and various pathologic settings. A high incidence
of multinucleated trophoblastic giant cells in the first
and second trimester and of mononucleated large
polygonal trophoblast cells (X cells) in term pregnancies
suggests that the mechanisms vary in the course of
pregnancy.

Endocrine Activities of Extravillous
Trophoblast

There are few data available on endocrine activities of
extravillous trophoblast. Generally, all endocrine activi-
ties detectable within the extravillous trophoblast have
been found also (mostly with higher activities) in villous
trophoblast. Therefore, the question arises of whether
endocrine activities of extravillous trophoblast play spe-
cific functional roles or whether they are simply due to
the fact that all trophoblast, whether villous or extravil-
lous, is derived from the same source and therefore shows
similar profiles of gene expression.
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TaBLE 9.1. Approximate localization of placental proteins in various trophoblastic cells as identified by immunocytochemistry

First Trimester

Second Trimester Third Trimester

Trophoblast type hCG hPL SP; hCG hPL SP, hCG hPL SP;
Cytotrophoblast - - - - - - — — _
X cells (“intermediate™) + + +— +/— + + - + +—
Syncytiotrophoblast + + + + + + + + +
Syncytial giant cells + + +/—- - + +/— - + +/—-
Syncytial knots + + + + + + + + +
Placental site trophoblast +— + +/— - + +—- - + +/—
Membranous trophoblast + + - + + - e +/—
Endovascular trophoblast - + +/— - + +/— - + +/—

Source: Modified from Kurman et al. 1984a.

Kurman et al. (1984a,b) has provided information on immunoreactivi-
ties of hCG, hPL, and SP1 (pregnancy-specific Bi-glycoprotein) in the
various forms of trophoblast. The findings are summarized in Table 9.1.
Gosseye and Fox (1984) found that the villous syncytiotrophoblast was
the principal source of hCG, hPL, PAPP-A, PP5, and SP1; in the invasive
extravillous trophoblast, only hPL was present. The intensity of cellular
hPL staining increased progressively with deeper penetration of the
extravillous trophoblast. SP1 and hPL were also detected in some cell
populations of trophoblastic tumors (Kurman et al., 1984b; Manivel et
al., 1987). The results concerning hPL and hCG immunoreactivities
were largely corroborated by other investigators (Sasagawa et al.,
1987; Zeng & Fu, 1991); however, Sakbun and coworkers (1990b)
who measured mRNA concentrations of hPL, pointed out that villous
trophoblast is the major source and that the extravillous trophoblast
adds only minor amounts to total placental hPL production.

Prostaglandin metabolism in extravillous trophoblast cells has
been discussed as being involved in control of labor: 15-hydroxy pros-
taglandin dehydrogenase (type | PGDH) was found not only in villous
syncytiotrophoblast but also in invasive exiravillous frophoblast (Cheung
et al.,, 1990, 1992), where it is ideally located to metabolize and to
maintain low concentrations of prostaglandins, in particular in close
vicinity of the myometrium.

Pregnancy-associated prostaglandin synthetase inhibitor (PAPSI) was
detected in amnionic epithelium, in villous macrophages, and in tro-
phoblast throughout pregnancy (Mortimer et al., 1989). lts importance
for the maintenance of pregnancy and for the control of the onset of
parturition was discussed by the authors.

Corticotropin-releasing hormone has been described as being
present not only in villous cytotrophoblast (Petraglia et al., 1987;
Saijonmaa et al., 1988) but also in extravillous trophoblast of the basal
plate (Riley et al., 1991) and membranes (Warren & Silverman, 1995).
The authors suggested that this releasing hormone locally affects para-
crine/autocrine interactions and that it may be involved in the matura-
tion of the fetal hypothalamic-pituitary-adrenal axis.

Does Extravillous Trophoblast Differ from
One Nonvillous Part to the Other?

Most of the above data on extravillous trophoblast
were obtained from studying cell columns; only a few
data are available on extravillous trophoblast of cell
islands, the chorionic plate, and chorion laeve (for details,
we refer to the respective chapters; see below). This

raises the question as to the homogeneity of extravillous
trophoblast population throughout placenta and fetal
membranes.

When we compared differentiation patterns of extravillous trophoblast
derived from cell columns with those from other sites, largely consistent
data were found (Castellucci et al., 1991; Mihlhauser et al., 1993;
Nanaev et al., 1993a,b; Frank et al., 1994). In all cases, the basal
cells resting on the basal lamina or located close fo it represent the pro-
liferative subset (Fig. 9.1) and express epithelial integrins (e.g., 06B4).
Those cells that have left the basal lamina stop proliferating, achieve a
migratory/invasive phenotype, express inferstitial integrins (e.g., a5B1
and a1B1), and start apolar ECM secretion. This is in agreement with
the findings of Aplin and Campbell (1985) and Malak et al. (1993),
who described the distribution patterns of various ECM molecules
around the extravillous trophoblast cells of the chorion laeve. Finally,
Genbacev et al. (1993¢) cultured explants of cell islands and found no
differences when comparing them to cell columns. They concluded that
cell islands represent free-floating cell columns. All these findings make
it very likely that extravillous trophoblast of all intraplacental sites rep-
resents one homogeneous population of cells that differ only regarding
their stage of differentiation and their degree of invasiveness.

It has been objected that in term chorion laeve the extravillous tro-
phoblast cells resting on the basal lamina are no longer proliferative
and do express inferstitial integrins (Aplin, 1993). This behavior,
however, is confusing only when comparing term chorion laeve with
first trimester cell columns. In third trimester cell columns, as is typical
for all third trimester locations of extravillous trophoblast, the prolifera-
tive activity is downregulated (Kaufmann & Castellucci, 1997), leading
to a “burned out” aspect with the invasive phenotype prevailing.

In conclusion, at the moment there is no convincing
evidence for the existence of different populations of
extravillous trophoblast residing in different nonvillous
parts of the placenta.

Decidua

Composition of Decidua

The changes that occur in the human or animal endome-
trium in response to physiologic stimuli like blastocyst
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implantation are called decidualization. If the morphoge-
netic stimulus was a physiologic one, the resulting tissue
is the decidua; the tissue resulting from an experimental
or artificial stimulus is called a pseudodecidua or, occa-
sionally, a deciduoma.

There is a long history of confusion regarding the
nomenclature. This is due to the fact that the tissue decidua
is composed of cells of different type and origin:

e Decidualized endometrial stromal cells, the so-called
decidual cells; and

¢ Considerable numbers and various types of maternal
leukocytes invading from the bone marrow via the
maternal blood; the latter belong to the decidua and
inaccurately are sometimes subsumed under the
heading “decidual cells.”

From all these cells involved in decidualization, only
the transformed endometrial stromal cell should properly
be called a decidual cell.

Padykula and Driscoll (1978) described the leukocyte
infiltration to occur specifically from the 6th to 11th
weeks of pregnancy. Bone marrow—derived cells com-
prise macrophages, T lymphocytes, few granulocytes, and
considerable numbers of large granular lymphocytes
(uNK cells, the former “endometrial granular cells” or “K
cells”) (Enders, 1991; Khan et al., 1991; Dietl et al., 1992;
Haller et al., 1993).

According to Marzusch and Dietl (1994), Loke and
King (1995), and Loke et al. (1995), the decidual cell
population is composed as follows:

First Term
Cell designation trimester ~ pregnancy
Decidual cells and endometrial stromal cells 30% 30-55%
Large granular lymphocytes (uNK cells) 40% 4-9%
T cells 8-10% 8-17%
B cells and plasma cells <1% <1%
Macrophages 20% 20-40%
Granulocytes 2% 3-4%

At term, considerably increased numbers of

granulocytes can be found at the separation zone of the
placenta and at the maternal surface of the delivered
placenta. They are thought to represent an inflammatory
response to the mechanisms preceding separation of the
placenta.

Endometrial Stromal Cells and Decidual Cells

Under the influence of progesterone, the endometrium is
changed into decidua, a structurally different tissue. Faint
signs of decidualization first become visible on day 23 of
the endometrial cycle. They commence around the spiral
arteries from where they spread throughout the tissue.
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The youngest human implantation stage [Carnegie stage
Sa, late day 6 to early day 8 postcoitus (p.c.); see Chapter
8] does not show decidualization (Enders, 1991); within
the following 2 or 3 days it is barely beginning (Carnegie
stage 5b). Electron microscopic studies have not been
performed on these early human cases from the first 2
weeks of pregnancy, so that the exact starting point of
decidualization in the human is difficult to describe.

Structure of Decidual Cells

Decidualization is characterized by the enlargement of
endometrial stromal cells that eventually assume an epi-
thelioid appearance. This process has been described
in detail by Kaiser (1960), Schmidt-Matthiesen (1963),
Stegner et al. (1971), Dallenbach-Hellweg and Sievers
(1975), Iwanaga (1983), as well as Welsh and Enders
(1985). The final result includes cellular hypertrophy and
an increase in number and complexity of cytoplasmic
organelles, including the rough endoplasmic reticulum
and Golgi complexes; it indicates an increase in synthetic
and secretory activities. The cells accumulate glycogen as
well as sometimes lipids and large areas with perinuclear
bundles of intermediate filaments that are immunohisto-
chemically positive for vimentin. Both together, typical
morphology and immunoreactivity for vimentin can be
used to identify decidual cells (Fig. 9.14A,C; also see
Chapter 3, Figs. 3.2L and 3.4B). One to three euchro-
matic nuclei with prominent nucleoli can occur. The
localization of a variety of enzymes in the decidua was
summarized by Kearns and Lala (1983) and Lapan and
Friedman (1965). Detailed ultrastructural descriptions
have been provided by Wynn (1967b, 1974), Enders
(1968), Lawn et al. (1971), and Spornitz and Ludwig
(1984). Gap junctions were found by several groups
(Lawn et al., 1971; Wadsworth et al., 1980; Ono et al.,
1989) and it was then discussed whether these synchro-
nize decidual development or decidual function.

One of the most characteristic features of the mature
decidual cells is the presence of club-shaped processes
that extend into the surrounding external fibrillar lamina.
The tips of these processes contain dense granular bodies
of about 0.5 um diameter (Wynn, 1965; Lawn et al., 1971;
Stark & Kaufmann, 1973; Kisalus & Herr, 1988). The
granules were identified to contain heparan sulfate pro-
teoglycan, which was also released into the surrounding
fibrinoid (Kisalus & Herr, 1988). There, it contributes
to the acquisition of a pericellular lamina composed of
argyrophilic, fibrillar material (Lawn et al., 1971; Wewer
et al., 1985) that also stains with cresyl echt, aldehyde
fuchsin, and other dyes (Waidl, 1963) and that resembles
the basal lamina of epithelia.

The epithelial appearance of decidual cells is evident
from histologic sections (Fig. 9.14C; also see Figs. 3.1K
and 3.2L).The cells have often been described as rounded
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Ficurke 9.14. Comparison of decidua cells with trophoblast cells.
A: A 40-um plastic section of the basal plate. Enzyme histo-
chemical proof of isocitrate dehydrogenase. The positively
stained cells are decidua cells. In such thick sections the real
structure of the elongated cells with extremely long, poorly
branched cytoplasmic extensions is revealed. x520. (Source:
From Stark & Kaufmann, 1973, with permission.) B: Paraffin
section of a cluster of extravillous trophoblast cells at the

to polygonal (Kisalus & Herr, 1988; Enders, 1991), but
according to our experience this impression is incorrect.
When we studied decidual cells in thick plastic sections
(20 to 50um), we found large, branched cells (Fig. 9.14A)
that resembled hypertrophied connective tissue cells. The
length was 100 to 200um. Thus, the epithelioid appear-
ance is the result of cross-sectioning. The low number of
nuclear profiles, as compared to the number of cellular
cross sections, is one of the easiest available parameters
to distinguish decidual from trophoblastic cells (Fig.
9.14B,C; also see Fig. 3.1K).
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C

peripheral end of a cell column. Note the uniformity of cellular
shapes and the fact that most cellular profiles contain nuclei. C:
Comparable paraffin section of a cluster of decidua cells. Note
that the cellular profiles vary very much in diameter and that
the numerous small profiles do not contain nuclei. This is due
to the fact that most cross sections across the long cellular
bodies of decidua cells (cf. part A) do not hit the nucleus. B,C:
H&E x300.

Control of Decidualization

Few factors have been described that regulate decidual-
ization. Progesterone is the most potent stimulator of this
differentiation process. Insulin-like growth factor (IGF)
is also under discussion in the promotion of decidualiza-
tion; its binding protein (IGF-BP) is expressed by decid-
ual cells (Bell, 1989; Fazleabas et al., 1989; Rutanen et al.,
1991) and appears to be involved in mitosis of endome-
trial stromal cells and their later differentiation into
decidual cells.
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Bone Marrow Derivation of Decidual Cells

Kearns and Lala (1983) and Lala et al. (1984) deduced
from experimenting with chimeric mice that the bone
marrow was the “ultimate origin” of the decidual cells.
According to these authors, the bone marrow derivation is
not only valid for decidual macrophages, endometrial NK
cells, accidental granulocytes, and T cells, but also for the
precursors of the decidualized stromal cells. This special
origin could explain why only the intrauterine stromal
cells, but not, for example, tubal stromal cells, decidualize
under the endocrine and paracrine stimuli of pregnancy.
Moreover, it would explain why endometrial stroma once
locally removed by uterine connective tissue, for example,
in C-section scars and following enforced curettings, does
not decidualize in subsequent pregnancies.

Endocrine and Paracrine Aspects of Decidua

Numerous studies have been performed concerning the
functional importance of the decidua, and much specula-
tion has been entertained. Even the more commonly sug-
gested functions, such as limiting trophoblastic invasion
and providing nourishment for the conceptus, still lack
adequate supportive evidence (Enders, 1991). Despite
this disillusioning statement, we will try to summarize
some interesting findings that may stimulate further
discussion.

Relaxin: Several publications ascribe relaxin secretion
to decidual tissue (Bigazzi et al., 1982; Bryant-
Greenwood et al., 1987; Hansell et al., 1991). Based on
old immunohistochemical findings of Dallenbach and
Dallenbach-Hellweg (1964), the endometrial granular
cells had originally been favored as the origin. But as
their identity as large granular lymphocytes has now been
settled (see below), relaxin secretory activities are less
likely and it is somewhat probable that decidual cells
themselves represent the source at the maternofetal
interface (Sakbun et al., 1990a; Bogic et al., 1995). On the
other hand, relaxin is expressed in villous trophoblast of
the human placenta as well as in trophoblast of several
other species (Klonisch, personal communication). This
suggests the need for reevaluation of the identity of
relaxin-expressing cells at the maternofetal interface. In
vitro studies of Qin et al. (1997a,b) have shown that tro-
phoblast cells respond to exogenous relaxin with increased
expression and activation of various proteinases such as
stromelysin-1 (MMP-3), interstitial collagenase (MMP-
1), and tPA. The authors suggested a role of decidual
relaxin on regulation of ECM degradation in preparation
of labor.

hPL: Older publications have favored a decidual pro-
duction of hPL; however, the decidua was taken from the
membranes and placental floor for most of these studies.
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It was thus likely to be contaminated by extravillous tro-
phoblast. Kurman et al. (1984a) immunostained specifi-
cally for hPL and other hormones in the basal plate,
villous tissue, and membranes. They found that hPL was
the principal product of what they chose to call the “inter-
mediate trophoblast,” the extravillous trophoblast cells.
Another possible explanation for the immunoreactivity
of decidual cells for hPL is the fact that hPL and prolactin
show considerable homology in their amino acid sequence.
Correspondingly, in the early period of immunohisto-
chemistry many antibodies were unsuitable to distinguish
among both hormones, and, as will be discussed next,
there is now convincing evidence that prolactin is a decid-
ual product whereas hPL in the human is exclusively
secreted by trophoblast cells.

Prolactin: Proof of the decidual origin of prolactin
was obtained by immunohistochemistry (Golander et al.,
1979; Rosenberg et al., 1980; Riddick & Daly, 1982;
Andersen et al., 1987; Bryant-Greenwood et al., 1987).
In vitro studies with isolated cells or tissues (Fukamatsu
et al., 1984; Hamaguchi et al., 1990; Daly et al., 1983) and
in situ hybridization studies (Wu et al., 1991) confirmed
these results. It was noted that prolactin production in
various stages of pregnancy was closely related to prolac-
tin concentrations in the amnionic fluid and concluded
that prolactin is elaborated by decidual cells contained
within the membranes and transported internally, a
suggestion made by many investigators. Peak prolactin
release into the amnionic fluid is in the 24th week of
pregnancy (Neuberg, 1992). The most important func-
tions of decidual prolactin comprised regulatory effects
on water and electrolyte transfer across the membranes,
thus controlling the fetal water balance. This effect has
been observed in vitro when using amnionic fluid prolac-
tin; however, it was absent with human pituitary prolactin
(de Bakker-Theunissen et al., 1988). Moreover, it was said
to affect the synthesis of fetal surfactant and to influence
calcium absorption in the fetal gut (for references, see
Neuberg, 1992).

Prostaglandins: The decidual production of prostaglan-
din E, (PGE,) has been discussed in context with the
immunology of gestation; PGE, secretion is said to block
activation of decidual leukocytes with potential antitro-
phoblastic killer function, by inhibiting IL-2 receptor
generation and IL-2 production (Parhar et al., 1989).
Prostaglandins E, and F,, have also been discussed in
another context: During labor, the production and release
of these substances seems to be considerably increased
in decidual cells (Khan et al., 1992); the authors discussed
the functional relations to labor. The role of PGE, is still
open, but it may play a role in prepartal ripening of the
cervix, whereas PGF,, is essential for the stimulation of
uterine muscle during labor (Fuchs & Fuchs, 1984). Casey
et al. (1989) proposed that prostaglandin dehydrogenase,
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resident in the decidua capsularis, regulates levels of
prostaglandin therein as well as in amnionic fluid, uterus,
and blood. Finally, endothelin-1, a potent vasoconstrictor
and its receptors are expressed in human decidual cells
(Kubota et al., 1992). Their function during pregnancy
and labor is still an open question.

Paracrine regulatory loops: Several such loops between
decidual cells and invasive extravillous trophoblast cells
are under discussion. Among others, mutual effects of
hCG and EGF have been described. Human chorionic
gonadotropin is a secretory product not only of villous
but also of extravillous trophoblast (Kurman et al., 1984a),
whereas EGF is secreted by villous trophoblast (Hofmann
et al., 1992; Ladines Llave et al., 1993; Matsuo et al., 1993)
but also may be of maternal origin (Fisher et al., 1992).
Epidermal growth factor stimulates decidual cell prolif-
eration but inhibits prolactin secretion of decidual cells
in culture (Saji et al., 1990). Decidua produces a protein
that inhibits hCG release from human trophoblast (Ren
& Braunstein, 1991); according to other studies it is likely
that prolactin inhibits hCG production (Yuen et al., 1986).
On the other hand, decidual cells not only express hCG
receptors (Reshef et al., 1990), but hCG (Rosenberg &
Bhatnagar, 1984), and in particular ahCG (Blithe et al.,
1991) stimulates decidual prolactin production in vitro.
Moreover, TNF-0., a secretory product preferentially of
decidual macrophages, inhibits trophoblast cell growth
(for review, see Briese & Miiller, 1992) and promotes
trophoblastic apoptosis (Reister et al., 1999, 2001).
According to McWey et al. (1982) decidual cells express
hPL receptors and may thus be a target for trophoblastic
hPL. Finally, decidual large granular lymphocytes (NK
cells) are a rich source of TGF-B (Loke & King, 1995),
which inhibits trophoblast invasion (Graham et al., 1992;
Irving et al., 1995; Lysiak et al., 1995). Respective mecha-
nisms comprise modulation of integrin expression, down-
regulation of MMP secretion and induction of TIMPs
(Irving et al., 1995; for review see Loke & King, 1995).

Functional Considerations of Decidualization

All of the above studies provide only a little evidence
concerning the specific functional activities of the decidua.
One must bear in mind that decidualization is not a
general phenomenon related to placentation. Rather, it
is found in hemochorial placentation, which, unavoidably,
is related to invasive processes. In spite of this coinci-
dence, however, it is not the invasive trophoblast itself
that stimulates decidualization of endometrial stromal
cells; rather, this is very likely to be principally a proges-
terone effect (see Endometrial Stroma Cells and Decidua
Cells, above). In spite of this knowledge, most theories
regarding decidual function discuss the decidua in the
light of trophoblastic invasion, and the classical descrip-
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tions see the decidual cells as being stuffed with glycogen
and lipids, to serve as nutrients for the invading
trophoblast.

Consequently, a series of studies focused on the inter-
actions between decidualization and trophoblastic inva-
sion (for review, see Bell, 1989). During the menstrual
cycle, insulin-like growth factor binding protein (IGF-
BP) appears to be associated with the stromal fibroblasts
(Bell, 1989; Fazleabas et al., 1989; Rutanen et al., 1991,
Giudice et al., 1998). It was proposed that IGF-BP is
involved in proliferation, inhibition of apoptosis, and
decidualization of these cells. Possibly trophoblast cells
stimulate the decidual stroma to produce IGF-BP-1 (Lee
et al., 1997). Moreover, the RGD tripeptide (Arg-Gly-
Asp), which is known to be the recognition site in several
adhesive matrix proteins for a range of cell receptors and
which is part of the sequence of IGF-BP, has been shown
to inhibit tumor cell invasion (Ruoslahti & Pierschbacher,
1987). Therefore, IGF-BP can be interpreted to be part
of a paracrine loop by which the decidual cell and decidu-
alization may regulate local proliferation and invasion of
trophoblast cells (Bell et al., 1988).

Ruck et al. (1994) have studied the distribution of cell
adhesion molecules in the decidua throughout pregnancy.
The wide variety of cell adhesion molecules found in the
various decidual cell populations are likely to allow inter-
actions among all these cells as well interactions between
invading trophoblast cells and cells of the decidua.

An interesting publication deals with the secretion of
o-macroglobulin by the rat decidua (Gu et al., 1992).
This potent protease inhibitor is specifically expressed by
the mesometrial decidua, the site of trophoblastic inva-
sion in the rat. Its expression is regulated in an autocrine
loop by prolactin (Gu et al., 1992). On the other hand,
the ap-macroglobulin receptor is expressed by extravil-
lous trophoblast cells (Coukos et al., 1994). Both groups
of investigators have speculated that this protease inhibi-
tor may limit tissue damage to decidual cells during extra-
trophoblastic protease secretion and invasion.

In accordance with all these findings, decidualization
may be the answer of the endometrium to trophoblastic
invasion, regulating the latter and solving problems posed
by hemochorial placentation (Bell, 1989). On the other
hand, trophoblast invasion in the human does not induce
decidualization in every instance. Pregnancy pathologies
that do not show decidualization comprise the following
(see Endometrial Stromal Cells and Decidual Cells,
above):

¢ Tubal pregnancies: The tubal mucosa does not exhibit
any decidual stromal reaction upon implantation and
trophoblast invasion; decidua-like cells of the tubal
implantation site have been identified by electron
microscopy to be invasive trophoblast cells (Spornitz,



222

1993). Moreover, these tubal implantation sites, in con-
trast to intrauterine implantation, are largely devoid of
large granular lymphocytes (see below) (Vassiliadou &
Bulmer, 1998) and of macrophages (own unpublished
findings). By contrast, distribution patterns of T cells
and B cells are similar in intrauterine and extrauterine
implantation sites (von Rango et al.,2001). Trophoblast
invasion in this situation is excessive (Kemp et al.,
1999).

¢ Placenta accreta, increta, and percreta: Also in these
clinical settings, excessive trophoblast invasion is com-
bined with deficient decidualization. Data on leukocyte
populations at the implantation site in these cases are
not available, to the best of our knowledge.

These data suggest that decidualization is a prerequi-
site for proper control of trophoblast invasion. It is,
however, still an open question whether decidual stromal
cells themselves or decidual leukocytes exert this control
(see below).

B Cells and T Cells

B cells and plasma cells are virtually absent from normal
decidua and are considered to be irrelevant for tropho-
blast-decidua interactions (Loke & King, 1995). T cells
form a minor portion of the decidual lymphocytes (about
10% of all cellsin the decidua;see Composition of Decidua,
above) (Marzusch & Dietl, 1994; Loke & King, 1995; King
& Loke,1997).The absence of B cells and scarcity of T cells
indicate that there is no important influx of cells of the
specific adaptive immune system (Loke & King, 1995).

Overall, decidual T cells show a phenotype that would
be in agreement with memory cells or activated T cells
(Saito et al., 1994; Loke & King, 1995); it is still an open
question whether this activated phenotype is specific for
pregnancy or already present during the menstrual cycle.
Interestingly, however, according to some earlier studies,
decidual T cells do express only low levels of T-cell recep-
tor or none at all, the latter being responsible for recogni-
tion of MHC-I molecules (Dietl et al., 1990; Marzusch et
al., 1991; Chernyshov et al., 1993; for review see Loke &
King, 1995). Recent data question the validity of these
findings (Ruck & Marzusch, personal communication).
This question is of particular importance since paternal
peptides presented by trophoblastic HLA-G and HLA-C
molecules, upon binding to T-cell receptors are likely to
stimulate T-killer-cell-mediated lysis of the invading
trophoblast cells.

The relatively low number of T cells in context with the
absence of B cells at the site of implantation renders a
classical allorecognition reaction of the trophoblast
unlikely. This view is in agreement with the fact that the
invasive trophoblast cells do not express classical poly-
morphic MHC I-molecules (see MHC Class I Molecules,
above).
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It is still a matter of debate why the number of T cells
is reduced and B cells are completely absent from the
implantation site:

e Inhibition of lymphocyte proliferation by macrophage-
derived PGE, is one possible explanation (for review
see Hunt, 1998).

e An additional attractive hypothesis has been presented
by Munn et al. (1998): Indoleamine 2,3-dioxygenase
(IDO) secreted by extravillous trophoblast catabolizes
extracellularly tryptophan in the maternofetal junc-
tional zone. Local microenvironments with reduced
extracellular tryptophan concentration preclude lym-
phocyte proliferation and thus may protect the invad-
ing trophoblast cells from T-cell-mediated lysis. In
accordance with this hypothesis, inhibition of trypto-
phan catabolism in pregnant mice resulted in rejection
of the fetuses.

e Another possible mechanism to locally reduce the
number of lymphocytes was published by Hammer and
coworkers: Invasive extravillous trophoblast cells
secrete Fas ligand (Hammer & Dohr, 2000; Murakoshi
et al.,2003) and are thus able to stimulate apoptosis of
lymphocytes expressing the Fas receptor. Respective
clusters of apoptotic leukocytes were found in the
implantation site (Hammer & Dohr, 1999; Hammer
etal.,1999).

e Kruse et al. (1999) have analyzed the leukocyte homing
events in the decidua basalis, in particular the expres-
sion of selectins in the decidual vessels. Their data
suggest that selective expression patterns in decidual
endothelium associated with microdomain specializa-
tion within the decidua basalis may be responsible for
the selective access of leucocytes to the implantation
site. For further review see Zhou et al. (2003a).

In spite of these local mechanisms to reduce the number
of maternal lymphocytes in the implantation site, a
considerable number of T cells, capable of attaching the
invading trophoblast cells, locally persist throughout
pregnancy. The functional role of such T cells at the
implantation site in many aspects is still a mystery. Among
other aspects, their paracrine activities have raised
increasing interest (for review, see Hunt, 1998). The
balance of two groups of T-helper-cell-derived cytokines
is thought to control the maternal immune response
against the fetal semiallograft (for review, see Robertson
et al., 1994; Mosmann & Sad, 1996):

e T-helper type 1 proinflammatory cytokines (Thl-type
cytokines) comprise IFN-y, IL-2, lymphotoxin, and
TNF-o. They are known to activate cytotoxic T cells
and are thought to exert adverse effects on trophoblast
invasion.

e T-helper type 2 antiinflammatory cytokines (Th2-type
cytokines) comprise IL-4, -6, -10, and -13. They are
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known to stimulate antibody production by B cells and
to support the differentiation of endometrial NK cells
(see below), and they are thought to further tropho-
blast invasion.

Secretion of these cytokines is not specific for Thelper cells. Rather,
macrophages also secrete TNF-o. and uNK cells, as well as IFN-y. These
data indicate that a complex cytokine network regulates the interaction
of the immune cells at the implantation site (Marzusch et al., 1997).
During normal pregnancy, the Th2-cytokines predominate. Their expres-
sion is stimulated by progesterone; by contrast, this hormone inhibits
macrophage activation and TNF-o. secretion. The action of Th1- and
Th2-cytokines on trophoblast invasion is further controlled by endome-
trial NK cells (Hunt, 1998). Interestingly, invasive trophoblast cells share
this type of immune response with invasive tumor cells (Mullen et al.,

1998).

It is of particular interest that the course of autoim-
mune diseases often ameliorates throughout pregnancy
but relapses after delivery (Beagley & Gockel,2003). This
raises the question as to the activation of general immu-
nosuppressive mechanisms. As one such possibility
Aluvihare et al. (2004) found an increase of regulatory T
cells in pregnant mice. Regulatory T cells (CD4*CD25*
cells) inhibit inappropriate activation of T- and B-cell
responses. In mice the number of regulatory T cells
increased generally from 3% to 5% of the T cell pool
(nonpregnant) to 9% to 17% (pregnancy), and in the
pregnant uterus even to 30%.

Endometrial Large Granular Lymphocytes
(Endometrial NK Cells and uNK Cells)

These cells have been well known for many years to occur
at the implantation site and they were called “Kornchen-
zellen,” K cells, or granular cells (Hamperl, 1954;
Hellweg, 1957; Dallenbach & Dallenbach-Hellweg, 1964;
Dallenbach-Hellweg, 1971). Today they are mostly called
endometrial NK cells or uNK cells.

Definition: From a comparative point of view, uNK
cells are equivalent to the granular metrial gland cells of
rodents for which an abundant literature exists (Bulmer
& Peel, 1977; Peel & Bulmer, 1977; Bulmer, 1983; Bulmer
et al., 1983; Tarachand, 1985, 1986). The human endome-
trial large granular lymphocytes (LGLs) are regular con-
stituents of all uterine implantation sites (Durst-Zivkovic,
1978) where they amount to about 40% in the first tri-
mester (see Composition of Decidua. above). They are
derived from the bone marrow and are closely related to
NK cells (endometrial NK cells, uterine NK cells, uNK
cells) (Pijnenborg et al., 1980; Bulmer & Sunderland,
1983; Dietl et al., 1992; Marzusch et al., 1993; for reviews,
see Enders, 1991; Spornitz, 1992; Loke & King 1995;
Whitelaw & Croy, 1996).

Histologically, they are rounded mononuclear cells of
approximately 10 pm diameter, with an eccentric, kidney-
shaped nucleus. Their typical granular inclusions stain
characteristically with phloxine-tartrazine (Pijnenborg
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et al., 1980). Sengel and Stobner (1972) gave a detailed
ultrastructural account of these cells. Their appearance
within the decidua does not depend on trophoblast inva-
sion but rather is associated with the hormonal condi-
tions of decidualization (Bogaert, 1975; Bulmer et al.,
1988a; Pace et al., 1989; Sengupta et al., 1990). Corre-
spondingly, the cells are also present in late proliferative
and secretory endometrium.

Surface markers: The LGLs express CD56, a marker
molecule of NK cells, but they differ from the majority
of NK cells in peripheral blood by the absence of CD57
and CD16. Only 1% to 4% of the NK cells in peripheral
blood show this CD56-positive, but CD57- and CD16-
negative, phenotype, which is presented by virtually all
endometrial large granular lymphocytes (Marzusch et al.,
1995; King & Loke, 1997). This distribution has raised the
question of which factors are responsible for the specific
homing of uNK cells to the decidua. Hanna et al. (2003)
have analyzed the chemokine receptor repertoire on
various NK cell populations and found the receptors
CXCR3 and CXCR4 preferentially expressed on CD16-
negative NK cells. Moreover, they found the ligand of
CXCR4, CXCL12, to be expressed by the invasive phe-
notype of extravillous trophoblast. These ligand-receptor
interactions were suggested to be responsible for specific
accumulation of uNK cells in the invasion zone. The fact,
however, that in tubal implantation sites, despite the
presence of invasive trophoblast cells, uNK cells do not
accumulate (von Rango et al.,2001) suggests that CXCR4/
CXCL12 interactions alone cannot be made responsible
for specific decidual homing of uNK cells.

Functional aspects: Different from NK cells of the
peripheral blood, endometrial NK cells (LGLs) show
only moderate in vitro cytotoxicity against the NK cell-
sensitive cell line K562 (Ferry et al., 1990). Accordingly,
there has been considerable discussion about whether or
not they represent NK cells (Watanabe, 1987; Manaseki
& Searle, 1989; King & Loke, 1991; Dietl et al., 1992; Saito
et al., 1993b; Welsh & Enders, 1993). Their denomination
as uterine or endometrial NK cells reflects these differ-
ences. Also, the derivation of endometrial NK cells is not
yet completely clear. Loke and King (1995) discussed
their origin from a common progenitor cell giving rise to
both T-cell and NK-cell differentiation.

The mRNA of a number of cytokines was detected in
the endometrial NK cells, namely granulocyte CSF (G-
CSF), granulocyte-macrophage CSF (GM-CSF), CSF-1,
TNF-a, TGF-B, leukemia inhibitory factor (LIF), IL-8,
and IFN-y (Saito et al., 1993b, 1994; Jokhi et al., 1994d;
Loke & King, 1995). Also, the presence of the proteins
was confirmed for many of these cytokines (Saito et al.,
1993b; Jokhi, 1994; for review, see Loke & King, 1995;
Whitelaw & Croy, 1996).

Interactions of endometrial NK cells with invading
trophoblast cells: The trophoblastic expression of the non-
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classical, nonpolymorphic MHC molecules HLA-G and
HLA-E, and of the less polymorphic HLA-C (see MHC
Class I Molecules, above) is of special importance:

e Trophoblastic expression of the classical polymorphic
MHC-I molecules (HLA-A, HLA-B) would trigger a
T-cell-mediated immune response against the allohap-
loid invading trophoblast cells.

¢ On the other hand, nonexpression of HLA molecules
would cause NK-cell attacks. Generally, surface expres-
sion of MHC-I molecules prevents NK-cell-mediated
lysis of the respective cell (Ljunggren & Kirre, 1990).

e Thus, expression of minimal polymorphic (without
individual specificity) HLA molecules by extravillous
trophoblast is expected to prevent both T-cell-
mediated classical host-versus-graft rejection (for
review, see King et al., 1997) as well as susceptibility
to decidual NK cell lysis. Indeed, Chumbley et al.
(1994a,b) have shown reduction of NK cell-mediated
lysis after HLA-G transfection into HLA-G deficient
cell lines.

Endometrial NK cells not only recognize the presence
or absence of class I molecules but also appear to be able
to recognize some basic polymorphism in class I mole-
cules, although they do not detect fine-polymorphic, indi-
vidual specific differences like T cells (Loke & King, 1995;
King & Loke, 1997). The NK cell receptors do also sense
nonpolymorphic HLA molecules. These receptors belong
to the p58 family of receptors and are now designated as
killer cell inhibitory (or activating) receptors (KIR; KAR)
(Gumperz & Parham, 1995; for review, see King & Loke,
1997). Human leukocyte antigen-G binding to KIR is
thought to inhibit endometrial NK-cell action, whereas
binding to KAR activates the endometrial NK cells.
Recently it has been shown that prevention of uNK cell-
mediated lysis of invasive trophoblast cells requires much
more complex interactions than simply HLA-G or HLA-
C expression. In addition to the latter two molecules,
invasive trophoblast cells express the nonpolymorphic
HLA-E; however, only those HLA-E molecules are
exposed at the cell surface, which have bound a nonapep-
tide derived from the signal sequences of HLA-G or
HLA-C. Lytic action of uNK dells against their target cell
is only prevented by binding of this HLA-E complex to
a dimeric uNK cell receptor (CD94/NKG2) (Borrego
et al., 1998; Lee et al., 1998; Llano et al., 1998).

In contrast to the classical intramolecular variability of
T-cell receptors, the cell-recognition repertoire of NK
cells is defined by varying coexpression patterns of KIR-
and KAR-like receptors on one and the same NK cell. In
addition, besides HLA-G/C/E binding to uNK receptors,
trophoblastic surface carbohydrates are thought to be
recognized by additional NK-cell receptors (Yokoyama,
1995; for review, see King & Loke, 1997). The coexpres-
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sion of nonpolymorphic HLA molecules jointly with cell
surface carbohydrates may be responsible for inhibition
or activation of NK cells and thus provides a mechanism
for the control of trophoblast invasion. As discussed
above, invasive extravillous trophoblast cells express
respective cell surface carbohydrates, such as sialyl Le*
and blood group antigen “i” (King & Loke, 1988; Frank
et al., 1995; Huppertz et al., 1996).

With these findings taken together, evidence is accu-
mulating that there is maternal allorecognition of the
fetus by endometrial NK cells, ensuring immunologic
protection but also control of the fetal allohaploid
transplant (for review, see King et al., 2000). This tropho-
blast-related allorecognition is thus completely different
from both the classical lytic NK-cell action and the
T-cell-mediated host-versus-graft reaction. Activated
endometrial NK cells are likely to exert paracrine actions
on B and T cells as well as on macrophages, the latter
again controlling the uNK cells. Such paracrine activities
may provide the basis for yet unexplained phenomena
such as

e the presence of T cells with an activated phenotype, but
paucity of T cell receptors;

¢ the remarkably low number of B cells and plasma cells
at the implantation site; and

¢ the absence of a significant local humoral response to
secreted trophoblastic proteins.

Macrophages

Maternal macrophages are regular constituents of each
implantation site and can be demonstrated for instance
immunohistochemically by antibodies to CD14 or CD68
(Bulmer & Johnson, 1984; Bulmer et al., 1988b; Vince &
Johnson, 1996; Reister et al., 1999; see also Hofbauer
Cells in Chapter 6). In spite of their regular presence in
the implantation site, only a little is known about the role
of macrophages in maternofetal interaction. The recent
years have seen a concerted research effort toward the
characterization of uNK cells, whereas decidual macro-
phages have attracted only a little attention.
Macrophages are capable of phagocytosing cellular
detritus in the maternofetal battlefield and of clearing
immune complexes. Moreover, they are known to be
involved in many ontogenetic processes, preferably by
paracrine interactions (Werb, 1983). Greater numbers
of macrophages are found in the decidua basalis as
compared to the decidua parietalis, where trophoblast
invasion is limited. This may serve as a hint to so far
uncharacterized interactions of trophoblast and macro-
phages (Oksenberg et al., 1986; Loke & King, 1995).
Cytokines: Generally, decidual macrophages produce
and respond to a wide range of cytokines and thus may
be involved in paracrine networks of the decidua, either
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limiting or supporting trophoblast invasion (for review,
see Hunt, 1990; Robertson et al., 1994; Loke & King, 1995;
Kaufmann & Castellucci, 1997). They may be involved in
infection-associated preterm labor (Hunt, 1989); when
activated during inflammation, they produce high levels
of PGE, and TNF, both of which can induce myometrial
contractions. Moreover, PGE, has a profound inhibitory
effect on lymphocyte proliferation (for review, see Hunt,
1998). Triggering of macrophage cytotoxin production
has been shown to mediate early embryo loss in murine
pregnancy (Baines et al., 1997). In vitro, macrophages
have been shown to stimulate IFN-y secretion by uNK
cells (Marzusch et al., 1997). Further, macrophage cyto-
kines comprise stem cell factor, which is secreted by
invading trophoblast cells. The corresponding receptor
(c-kit) is expressed by decidual macrophages (Fig. 9.9A).
This pattern raises the question of whether macrophages
are attracted and activated by the invasive trophoblast
(Sharkey et al., 1992, 1994). Another paracrine loop may
be provided by the macrophage-derived VEGF;its recep-
tor (fit-1) is expressed by extravillous trophoblast cells
(Sharkey et al., 1993).

Induction of trophoblast apoptosis: Also, TNF-a is
secreted by macrophages (Hunt, 1989; Todt et al., 1996;
Pijnenborgetal.,1998).1tsreceptor (TNF-R1)isexpressed
by trophoblast cells (Yui et al., 1996). Interaction between
TNF-o and the R1-receptor have been shown to induce
trophoblast apoptosis in vitro (Yui et al., 1994). Similar
data have been obtained when studying immortalized
extravillous trophoblast (EVT) cells in vitro. These EVT
cell lines express TNF-R1 (Reister et al., 2001).

We have demonstrated an inverse relation between the
number of trophoblast cells in the wall of spiral arteries
and the number of macrophages within the vessel wall
(Reister et al., 1999):

¢ In normal pregnancy, the walls of spiral arteries are
largely devoid of macrophages and become invaded by
trophoblast cells.

¢ In preeclampsia, deficient arterial trophoblast invasion
and increased numbers of apoptotic trophoblast cells
around the uteroplacental arteries correlate with large
numbers of macrophages in the arterial media. By con-
trast, in preeclampsia, the number of macrophages in
the surrounding interstitium seems to be reduced
(Burk et al., 2001).

The positive correlation between activated macro-
phages and apopt