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Abstract

 

At the time of blastocyst implantation the uterine spiral arteries have already undergone morphological changes
in the absence of any extravillous trophoblast invasion. Only 2 weeks after implantation, extravillous trophoblast
cells develop and come into first contact with decidual tissues. Invading through the decidual interstitium, extra-
villous trophoblasts potentially reach and transform spiral arteries into uteroplacental arteries. Spiral arterial erosion
starts at about mid-first trimester, whereas flow of maternal blood into the intervillous space is continuously estab-
lished only at the beginning of the second trimester. One key regulator of the number of extravillous trophoblasts
is oxygen. The steep gradient in oxygen concentration within the first trimester placenta is diminished with the
onset of maternal blood flow. This gradient is used by the trophoblast to generate a large number of invasive
cells to adapt the arterial vasculature in the placental bed to the growing needs of the fetus. Changes in oxygen
concentrations or other factors leading to alterations in the rates of proliferation and/or apoptosis of extravillous
trophoblast clearly impact on the remodelling of the vessels. The respective consequences of a failure in tropho-
blast invasion are growth restrictions of the baby and perhaps other pregnancy complications.
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Development of the extravillous trophoblast

 

In humans the first invasion of trophoblast into maternal
tissues occurs during implantation. It seems as if this first
invasion is performed by the early multinucleated syncytio-
trophoblast rather than by mononucleated trophoblast
cells. The early syncytiotrophoblast clearly displays invasive
properties. It not only penetrates the uterine epithelium
but further invades into the upper part of the endometrium,
the stratum functionalis.

The next 2 weeks of placental development are character-
ized by an internal reorganization process: mononucleated
trophoblast cells, now referred to as cytotrophoblasts, push
forward through the syncytiotrophoblastic mass and reach
the maternal side of the placenta at about day 15 post con-
ception (Benirschke et al. 2006). As soon as they come into
contact with maternal tissues they reorganize themselves
and develop multilayered structures, the trophoblastic cell
columns. The cells in contact with the basement membrane of
the developing villi keep their stem cell character and continue

to proliferate. Those cells losing contact with the basement
membrane also lose their generative potential, differentiate
towards an invasive phenotype and migrate into maternal tis-
sues. Thus, with the appearance of the first cytotrophoblasts
outside the placenta proper, a new cell type is generated:
the extravillous trophoblast (Kaufmann et al. 2003).

Now that the uterine epithelium has been successfully
penetrated, the early syncytiotrophoblast loses its invasive
phenotype and develops into an epithelial-like surface of
the chorionic villi. In contrast to the early syncytiotropho-
blast, the extravillous trophoblasts only need to invade
connective tissues and endothelial linings. Thus there is no
need for an extravillous trophoblast to have the potential
to penetrate an epithelium.

 

Is there any 

 

in vivo

 

 or 

 

in vitro

 

 proof for such a 
statement?

 

Alan Enders (2007) has very clearly shown that in the
macaque it is indeed the syncytiotrophoblast that pene-
trated the uterine epithelium and only later mononucle-
ated extravillous trophoblasts derived from trophoblastic
cell columns further invade into the decidua and myo-
metrium. In the human these stages of development have
not been investigated so far, thus it can only be deduced
from other species such as the macaque that the human
trophoblast may behave similarly.

Moser et al. (2008) have established a co-culture system
of human tissues where first trimester villous explants are
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placed on top of a piece of decidua parietalis from the
same pregnancy. If the decidual pieces are precultured for
72 h they gain a new epithelium by outgrowth of epithelial
cells from the glands embedded in the tissue. Villous explants
confronted to such re-epithelialized decidual pieces start
to develop trophoblastic cell columns at the attachment
sites with the decidual tissues. Attachment of villi and
development of cell columns is also seen if the villous
explants are confronted to decidual pieces directly after
harvesting the tissues, i.e. decidual pieces without an epithelial
coverage. But after 72 h of co-culture, invasion of extravillous
trophoblasts differs between the two models. If extravillous
trophoblasts come into direct contact with decidual
stroma, they deeply invade these tissues. However, if the
trophoblast cell columns are attached to the newly formed
uterine epithelium, migration of extravillous trophoblasts
can mostly be found on top of the epithelium (Fig. 1).

Both the 

 

in vivo

 

 findings in the macaque and the 

 

in vitro

 

findings using human tissues point to the fact that extra-
villous trophoblasts of human origin may not have the
potential to penetrate a simple epithelium.

 

Transformation of the uterine spiral arteries

 

The maternal uterine spiral arteries need to be transformed
into large inelastic conduits to ensure adequate blood
supply to the placenta. Only then can normal growth and
development of the fetus be guaranteed. The physiological
changes of uterine spiral arteries into uteroplacental arteries
occur in consecutive stages.

Pijnenborg et al. (2006) very elegantly described the
historical pathway of how we viewed the placenta. Theories
started with a joint blood system of the mother and fetus
and only in the 18th century did the separation of both
blood systems become apparent (Hunter, 1980). In the mid
20th century, further evidence was provided suggesting
that the uterine spiral arteries undergo morphological
alterations even prior to the presence of any extra-
villous trophoblast cell near such vessels (Boyd & Hamilton
1956, 1967; Brettner 1964; Harris & Ramsey, 1966). These
trophoblast-independent alterations comprised endo-
thelial vacuolation and swelling of smooth muscle cells.
Later Craven et al. (1989) added more information on the

Fig. 1 Double tissue confrontation assay using placental tissues at a gestational age of 6 weeks. Cryosections were stained with the monoclonal 
antibody MEM-G9 to visualize HLA-G, a specific marker for extravillous trophoblast. (A,B) Placental villous explants (v) firmly attach to the 
re-epithelialized decidual tissue (d). Outgrowing extravillous trophoblasts do not invade decidual tissues but rather only migrate on top of the decidual 
epithelium (blue arrows in B). (C,D) Placental villous explants (v) firmly attach to the non-epithelialized decidual tissue (d). Outgrowing extravillous 
trophoblasts deeply invade into the decidual tissues (green arrows in D). Magnification (A,C) 50×, (B,D) 100×.
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subject by showing that there is a generalized disorgan-
ization of these arteries including endothelial basophilia
and expression of VCAM-1 combined with a perturbation
of the vascular smooth muscle layer Craven et al. (1989).
All these changes lead to a vasodilatation of a certain
degree, which is considered to be further increased by the
activation of the local decidual artery renin-angiotensin
systems of the mother (Morgan et al. 1998) linked to early
endometrial decidualization (Brettner 1964).

Only as a second step of the arterial transformation
changes due to trophoblast invasion come into play. Extra-
villous trophoblasts reach the media of spiral arteries by
invading the interstitium of the decidua basalis. The first
contact of these mononucleated cells with maternal
tissues occurs at about week 5 post menstruation (Kaufmann
et al. 2003).

It seems as if extravillous trophoblasts in close vicinity to
uteroplacental arteries are responsible for further vascular
alterations. Such changes have been described in the
guinea pig (Hees et al. 1987; Moll et al. 1988; Nanaev et al.
1995), where trophoblasts close to spiral arteries induce
the reduction of media smooth muscle cells and the depo-
sition of fibrinoid material prior to infiltration. Respective
observations in the human are still missing.

Finally, as a third stage of uteroplacental vascular
remodelling infiltration of extravillous trophoblasts into
the arterial wall takes place. The further degeneration of
the vascular smooth muscle layer together with the loss of
elastic fibres (Robertson & Manning 1974; Robertson 1976)
enables a further dilation of the vessel lumen up to several
times wider compared to the original diameter (Brosens
et al. 1967; Hirano et al. 2002; Benirschke et al. 2006).
There is still an ongoing debate whether smooth muscle
cells die and are replaced by intramural trophoblast or
whether they undergo a temporary molecular and struc-
tural de-differentiation as long as trophoblasts are present
in this layer (Nanaev et al. 1995). A similar question was
raised for the replacement of the arterial endothelium.
Tuttle et al. (1985) presented evidence for the presence of
large pleomorphic cells that line the lumen of the proximal
decidual segments of uteroplacental arteries. These cells
express the factor VIII-related antigen but could not be
shown to express hCG. Thus it may be tempting to specu-
late that not all of the morphologically altered cells lining
transformed uteroplacental arteries are, in fact, tropho-
blast cells, even in the absence of an obvious endothelial
phenotype (Tuttle et al. 1985).

 

Oxygen as modulator of trophoblast invasion

 

Prior to onset of maternal blood flow

 

The development of the early embryo during the first tri-
mester of pregnancy takes place in a low oxygen environ-
ment (Rodesch et al. 1992; Jauniaux et al. 2000). It is only

at the beginning of the second trimester when maternal
blood flow into the intervillous space of the placenta is
fully established and fetal development starts. It is believed
that oxygen is one of the key regulators of trophoblast
differentiation and that during the first trimester a low
oxygen environment is mandatory for successful develop-
ment of embryo and placenta. A premature supply of
maternal blood to the placenta and thus an increase in
oxygen too early during pregnancy accounts for a loss in
placental mass or even spontaneous abortion (Watson
et al. 1998; Jauniaux et al. 2000, 2003).

In a first trimester placenta, prior to the onset of maternal
blood flow into the intervillous space, an oxygen gradient
exists from the decidua towards the developing embryo
(Fig. 2). The maternal decidua is vascularized and hence
supplied with oxygen like any other maternal organ. Using
a multiparameter sensor, Jauniaux et al. (1999) determined
a pO

 

2

 

 in the placental bed during the first trimester of
about 70 mm Hg. Due to the absence of any supply of
maternal blood cells to the placenta there is a steep
gradient in the oxygen concentration from the decidua to
the placenta, resulting in a mean pO

 

2

 

 in the placenta of
less than 20 mm Hg (Jauniaux et al. 2000).

However, it needs to be stressed that these oxygen
concentrations of the placenta during the first trimester of
pregnancy are low but normal for this tissue at that stage
of development. Thus, the term hypoxia, defined as a
pathological deficiency of oxygen, should not be used for
the low oxygen environment of the placenta during early
stages of development.

The oxygen gradient from decidua to embryo during
the first trimester of pregnancy puts the placenta into an
intermediate level of oxygen. Low levels of oxygen may be
important for placental development as the following
features are associated with low oxygen levels:
– higher proliferative activity of trophoblast,
– lower invasive activity of trophoblast, and
– reduced levels of reactive oxygen species, thus less DNA
damage.

Furthermore, there is evidence for a histiotroph nourish-
ing of the embryo by secretion products of the uterine
glands at that stage of gestation (Burton et al. 2001).

A high rate of proliferation is mandatory for the rapid
growth of the placenta at that stage of development.
Another indicator for the rapid growth of the placenta
during the first trimester is the almost complete absence
of apoptosis in the syncytiotrophoblast (Smith et al. 1997,
2000). All the material introduced into this layer by fusion
of cytotrophoblasts is used for growth rather than for
maintenance of a steady-state.

At that stage not only the villous trophoblast grows
rapidly, also the developing extravillous trophoblast uses
this low oxygen environment. The trophoblastic cell
columns develop at the border between placenta proper
and decidua and thus develop within the oxygen gradient.
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Proliferation of trophoblast is restricted to those cells
resting on the basement membrane separating the tropho-
blast from the villous stroma. The proximal parts of the cell
columns are those parts of the columns experiencing the
lowest oxygen levels of the whole columnar structures.
Thus, they are well placed to generate as many extravillous
trophoblasts as possible.

The post proliferative daughter cells are simply pushed
forward by the enormous proliferative capacity of those
cells resting on the basement membrane. There is no need
for these cells to start invasion as early as at the second cell
layer as they are passively pushed forward towards maternal
tissues. Only at the distal portions of the cell columns do
the extravillous trophoblasts really become invasive and
start their route through the maternal decidual inter-
stitium (Kaufmann et al. 2003).

The localization of the cell columns at the border between
the low oxygen placenta and the high oxygen decidua is
exactly what is needed for the shift from proliferation in
the proximal part of the cell columns to invasion in the distal
part of the columns. There is evidence that low oxygen
maintains the trophoblast in a proliferative, non-invasive
phenotype (Genbacev et al. 1997), up-regulating factors

such as hypoxia-inducible factor-1 (HIF-1) (Caniggia et al.
2000). There are at least two mechanisms by which the
daughter cells are forced to stop their proliferation: loss of
contact with the basement membrane and experiencing
higher oxygen levels while being pushed forward towards
the decidua.

Finally, at the distal part of the cell columns the extra-
villous trophoblasts have completely lost their generative
capacity, but have gained a high invasive potential.
Consequently, they invade towards the myometrium and
potentially reach spiral arteries.

 

After the onset of maternal blood flow

 

Only at the beginning of the second trimester (11–14 weeks,
Burton & Jauniaux 2004) have the plugs of extravillous
trophoblasts blocking the spiral arteries (Fig. 2) dissolved,
and the placental pO

 

2

 

 rises to values above 50 mmHg. The
placental pO

 

2

 

 stays at about this level until delivery. The
fast increase of oxygen concentrations within the placenta
is associated with increased oxidative stress of the placental
villi. This has been shown by an increased expression of genes
associated with oxidative stress (Jauniaux et al. 2003).

Fig. 2 Schematic representation of placenta and embryo at about weeks 8–10 of gestation. The embryo rests in its amnionic cavity and is connected 
to the placenta via the developing umbilical cord. The placenta shows a clear developmental gradient (arrow on the left) with the highest level of 
development at the site of implantation, i.e. at the embryonic pole. This developmental gradient can be found as well in the extent of extravillous 
trophoblast plugging of spiral arteries (arrow on the right). The bar in the centre represents the oxygen gradient from the placental bed (pO2 70 mm 
Hg) to placenta (pO2 < 20 mm Hg) and embryo (pO2 << 20 mm Hg). The dotted line indicates where plugging of spiral arteries generates the oxygen 
gradient towards the embryo. For further details on the changes at the end of the first trimester see also Figure 2 in Jauniaux et al. (2006) and Figure 4 
in Burton (in press).
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Higher oxygen levels drive trophoblast differentiation as
well as placental maturation into an exchange organ.

With the onset of maternal blood flow the steep oxygen
gradient between decidua and placenta mostly disappears.
As can be seen from the values mentioned above, a small
gradient remains. Under these conditions the proximal
parts of the cell columns reduce their proliferative activity.
The daughter cells start to invade earlier because they are
experiencing a higher oxygen level earlier during their
way towards the decidua.

This can be followed by the appearance of the tropho-
blast cell columns throughout pregnancy. They start as real
columns that attach anchoring villi to decidual tissues.
Throughout the second and third trimesters the columns
reduce their height and at the end of gestation most of
them are gone completely. Even though some may be left,
their shape is different compared to those of the first
trimester. Now the anchoring villi are embedded in the
tissues of the basal plate with only a few extravillous
trophoblasts directly attached to the villus. Most of them
have invaded the decidua and thus have left the anchoring
villus.

The shift from low to high oxygen at the onset of the
second trimester thus helps to keep the number of invad-
ing cells high, although the proliferative activity of the
proximal parts of the cell columns diminishes. However, at
around mid gestation the cell columns in the central part
of the placenta are mostly exhausted. An exhausted pool
of cells abolishes the chance to increase the number of
invading cells at that stage of pregnancy in case something
went wrong during early invasion.

 

Failure of trophoblast invasion

 

Reduced invasive potential of the extravillous trophoblast
is due to a lower number of invading extravillous tropho-
blasts. The two main mechanisms to reduce cell numbers
are increased apoptosis and/or decreased proliferation.

Apoptosis of extravillous trophoblast may be upregu-
lated in early-onset pre-eclampsia as well as pure fetal
growth restriction, although at present no consensus exists
in the literature. Cases of spontaneous abortion are mostly
associated with a complete absence of trophoblast invasion
(Hustin et al. 1990; Jauniaux et al. 2003), and less severe
reductions in cell numbers have been found in early-onset
fetal growth restriction, with or without co-existent pre-
eclampsia (Brosens 1988; Sheppard & Bonnar 1988; Kadyrov
et al. 2003). The failure in trophoblast invasion can non-
invasively be monitored by uterine artery Doppler. More
than 85% of such cases show an abnormal Doppler, which
in turn correlates with the extent of decidual vasculopathy
in the uterine wall below the placenta (Reister et al. 2001).

Reduced invasion of extravillous trophoblasts into the
uteroplacental arteries may result from intrinsic tropho-
blastic factors in combination with extrinsic factors of the

maternal uterus. Such extrinsic factors include impaired
remodelling of the decidua (Aplin 1991; Brosens et al. 2002),
macrophage-dependent defence mechanisms against
trophoblast invasion (Aplin 1991; Reister et al. 1999; Reister
et al. 2001; Brosens et al. 2002), as well as a variety of other
mechanisms.

There is a huge variability in the rates of extravillous
trophoblast apoptosis, ranging between 4% (Kadyrov et al.
2003) and more than 50% (DiFederico et al. 1999). Such
contrasting reports give room for new and more appropriate
hypotheses to explain reduced numbers of extravillous
trophoblast leading to impaired adaptation of uteropla-
cental arteries during pregnancy.

One hypothesis could be forwarded keeping the import-
ant observations of Jauniaux and Burton in mind (Burton
et al. 2003; Jauniaux et al. 2003). These authors described
the adverse effects of a premature onset of maternal blood
flow towards the placenta before the beginning of the
second trimester of pregnancy. A premature rise of placental
oxygen may damage the stem cell pool of extravillous
trophoblast in the proximal parts of the cell columns. These
highly proliferative cells rest on the basement membranes
of anchoring villi and show high rates of proliferation
during the first trimester, i.e. under low oxygen. An early
onset of maternal blood flow leading to a premature rise
in oxygen may reduce the generative potency of these cells
and hence impair the number of cells available to invade
maternal tissues. Thus impaired trophoblast invasion –
perhaps even in the absence of any increase in extravillous
trophoblast apoptosis – could be due to a premature rise
in placental oxygen (Huppertz & Kingdom 2004).

 

Conclusions

 

There is evidence that the first changes of the uterine
spiral arteries occur already during the secretory phase of
the menstrual cycle, clearly in advance of any trophoblast
invasion. At the same time the transformation of spiral
arteries into inelastic and wide tubes can only be achieved
by adequate invasion of extravillous trophoblast. Oxygen
is one of the main regulators to define the number of these
cells. This in turn controls their capacity to remodel the walls
of spiral arteries, which is decisive for a regular remodelling
to result in the development of uteroplacental arteries.
Only then can adequate flow of maternal blood into the
intervillous space guarantee normal growth of the fetus.
Any changes in the amount of invading trophoblasts may
impair maternal blood supply to the placenta and in turn
have major negative effects on the growth of the fetus.
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