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INTRODUCTION 

 

Sexual reproduction in the ocean necessitates only the combination of gametes, followed by 

absorption of nutrients and oxygen from the surrounding watery medium.  As life moved from 

the sea to the land, reproductive strategies required compensation for the loss of this aquatic 

environment.  For the mammals, and scattered other animals, the solution to this problem was the 

development of the placenta, the means by which the fetus extracts nutrients from its 

environment.  As the animals that utilized the placenta evolved from small rodent-like creatures 

with short gestations to larger animals with prolonged gestations, the demands of the developing 

fetus grew.  Whereas the placenta of the fetal pig, with a gestational period of a little less than 

four months, can extract sufficient nutrients from the mother by simple diffusion across the 

uterus to the placenta, the human fetus needs a far more complex utero-placental relationship. 

Several solutions to the increased demands of the developing human fetus can be observed 

(Benirschke and Kaufmann, 1990).  One approach was to simply make a larger placenta.  For 

example the Chinchilla has a neonatal:placental weight ratio of 30:1 while the human has a 6:1 

ratio.  Another means to greater nutritional support for the fetus was to increase the surface area 

of contact between fetal circulation in the placenta and maternal circulation.  Again looking at 

the pig, this fetus has a diffuse placenta that makes contact with the mother’s uterus by a simple 

folded contact.  The human placenta on the other hand has a complex villous structure—similar 

to the sea anemone’s tentacles waving in the sea—that greatly increases the contact surface area 

between the mother’s blood space and the fetal circulation.  In spite of this increased fetal-

maternal contact, this system is still rather inefficient.  We can quantitate this by considering the 

amount of oxygen in the maternal blood that enters the human placenta and the amount of 
oxygen in the fetal blood that leaves the placenta to travel to the fetus.  Maternal blood has a pO2 

of around 100, while the pO2 of umbilical vein blood is around 35-40.  This represents an 

efficiency of only 35-40%.  It therefore also became necessary to greatly increase the flow of 

maternal blood into the intervillous space during pregnancy.  Without this increased maternal 

blood flow, fetal loss and preterm birth occurs (Naeye, 1989).  One of two mechanisms can 

increase maternal flow: increased total body blood flow, or increased blood flow to the placental 

bed through the uterine spiral arteries.  Evolution has selected the latter to limit the overall 

systemic effects that increased total body blood flow would produce.  Increased blood flow to the 

placenta is achieved by increasing the diameter of the arteries that supply blood to the 

intervillous space.  One can appreciate the efficiency of this strategy by recalling that the flow 

through a tube is related to the radius to the fourth power (Vander et al, 1970).  This means that 

if a vessel’s radius increases by ten-fold (Fig. 1), the blood flow will increase 10,000 times!  Not 

surprisingly, therefore, at term up to 40% of the maternal cardiac output can flow through the 
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placental bed.  What causes the maternal spiral arteries to increase their diameters?  As is often 

the case in changes necessary for successful pregnancy, the trophoblast accomplishes this 

process. 

 

 

 

 
 

Figure 1.  Uterine spiral arteries (264x).  A) Decidual spiral artery cross sections from a 
non-pregnant uterus.  Smooth muscle layers are easily identified in the vessel walls (v).  Lumen 
(L).  In addition to the decidualized stromal cells (D), many large granulated lymphocytes (arrow 
heads) can be seen.  B) Decidual spiral artery from a placental bed at approximately 8 weeks of 
gestation.  Note the increased diameter of the vessel and the numerous trophoblasts around and 
in the vessel wall (T).  Also note that smooth muscle cells can not be identified in the vessel 
wall.   

 

 

This article will review what is known about the differentiation of the three major classes of 

trophoblasts, how the invasive trophoblast performs its function, and what happens when there 

are defects in the invasive process. 

 

 

 

TROPHOBLAST DIFFERENTIATION PATHWAYS 

 

Trophoblasts are unique cells derived from the outer cell layer of the blastocyst which 

mediate implantation and placentation (Hertig and Rock, 1956).  Depending on their subsequent 

function in vivo, undifferentiated cytotrophoblasts can develop into 1) hormonally active villous 

syncytiotrophoblasts, 2) extravillous anchoring trophoblastic cell columns, or 3) invasive 

intermediate trophoblasts (Fig. 2).  Within the villi of the human placenta—at all gestational 

ages—there always exists a population of cytotrophoblasts which remain undifferentiated, 

apparently available for differentiation as necessary. 
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Figure 2.  Pathways of trophoblast differentiation .  Just as the undifferentiated basal layer of 
the skin gives rise to differentiated keratinocytes, the cytotrophoblast—the stem cell of the placenta—
gives rise to the differentiated forms of trophoblasts.  Left) Within the chorionic villi, 
cytotrophoblasts fuse to form the overlying syncytiotrophoblast.  The villous syncytiotrophoblast 
makes the majority of the placental hormones, the most studied being hCG.  Cyclic AMP and its 
analogs, and more recently hCG itself, have been shown to direct cytotrophoblast differentiation 
towards a hormonally active syncytiotrophoblast phenotype.  Center) At the point where chorionic 
villi make contact with external extracellular matrix (decidual stromal ECM in the case of intrauterine 
pregnancies), a population of trophoblasts proliferates from the cytotrophoblast layer to form the 
second type of trophoblast—the junctional trophoblast.  These cells form the anchoring cell columns 
that can be seen at the junction of the placenta and endometrium throughout gestation.  Similar 
trophoblasts can be seen at the junction of the chorion layer of the external membranes and the 
decidua.  The junctional trophoblasts make a unique fibronectin—trophouteronectin (TUN)—that 
appears to mediate the attachment of the placenta to the uterus.  TGFß, and more recently, leukemia 
inhibitory factor (LIF), have been shown to downregulate hCG synthesis and upregulate TUN 
secretion.  Right) Finally, a third type of trophoblast differentiates towards an invasive phenotype 
and leaves the placenta entirely—the invasive intermediate trophoblast.  In addition to making human 
placental lactogen, these cells also make urokinase-type plasminogen activator (u-PA) and type 1 
plasminogen activator inhibitor (PAI-1).  Phorbol esters have been shown to increase trophoblast 
invasiveness in in vitro model systems and to upregulate PAI-1 in cultured trophoblasts. 
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Villous syncytiotrophoblast 

The hormones secreted by the villous syncytiotrophoblast are critical for maintaining 

pregnancy (Conley and Mason, 1990; Petraglia et al. 1990).  Early in gestation, human chorionic 

gonadotropin (hCG) is essential to maintain corpus luteum progesterone production.  Near the 

end of the first trimester, the mass of villous syncytiotrophoblast is large enough to make 

sufficient progesterone and estrogen to maintain the pregnancy.  During the third trimester, large 

quantities of placental lactogen are produced, a hormone purported to have a role as a regulator 

of lipid and carbohydrate metabolism in the mother.  Other syncytiotrophoblast products include: 
pregnancy specific ß1-glycoprotein (Kliman et al. 1986), plasminogen activator inhibitor type 2 

(Feinberg et al. 1989), growth hormone (Jara et al. 1989), collagenases (Moll and Lane, 1990), 

thrombomodulin (Maruyama et al. 1985; Ohtani et al. 1989), and growth factor receptors 

(Kawagoe et al. 1990; Posner, 1974; Uzumaki et al. 1989). 

 

Anchoring trophoblasts 

The premature loss of attachment of the developing conceptus or placenta to the uterus can 

terminate the gestation.  Therefore, the anchoring trophoblast cell columns and the extracellular 

matrix proteins which promote this attachment are critical to the developing pregnancy.  It has 

been generally accepted that some form of cell-extracellular matrix interaction takes place at the 

attachment interface between these trophoblasts and the uterus.  Some have considered 

Nitabuch’s layer related to this function.  In addition to the anchoring cell columns of the 

placenta, the extravillous trophoblasts of the external membranes (chorion laeve), play a critical 

role in maintaining attachment of the external membranes to the endometrial surface.  Recently, 

a specific type of fibronectin—trophouteronectin (TUN)—has been implicated as the protein 

responsible for the attachment of anchoring, extravillous trophoblasts to the uterus throughout 

gestation (Feinberg et al. 1991). 

 

Invading trophoblasts 

The act of implantation is the first clear expression of the trophoblasts’ ability to be invasive 

and has proven to be one of the major hurdles for the recently fertilized embryo.  Because of the 

clinical significance of human infertility, a great deal of research has been performed to 

understand the basic biology of implantation.  Unfortunately, studying human implantation 

directly is not often possible (Ohlsson, 1989; Lindenberg, 1991), necessitating the use of animal 

and model systems.   

Studies using human specimens three to four weeks after implantation show that as gestation 

progresses, invasive populations of extravillous trophoblasts attach to and interdigitate through 

the extracellular spaces of the endo— and myometrium (Kurman, 1991a; Kurman et al, 1984; 
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Fig. 2).  The endpoint for this invasive behavior is penetration of maternal spiral arteries within 

the uterus (Pijnenborg, 1990).  Histologically, trophoblast invasion of maternal blood vessels 

results in disruption of extracellular matrix components and development of dilated capacitance 

vessels within the uteroplacental vasculature.  Biologically, trophoblast-mediated vascular 

remodeling within the placental bed allows for marked distensibility of the uteroplacental 

vessels, thus accommodating the increased blood flow needed during gestation.  In addition to 

the presence of markers of ECM interactions and proteases needed for cell movement and 

invasion, these trophoblasts also appear to express a unique monomorphic histocompatibility 

antigen: HLA-G (Kovats et al, 1990).  Abnormalities in this invasive process have been 

correlated with early and mid-trimester pregnancy loss, preeclampsia and eclampsia, and 

intrauterine growth retardation (Pijnenborg et al. 1981; Pijnenborg, 1990). 

 

 

 

HISTOLOGIC OBSERVATIONS OF INVADING TROPHOBLASTS 

 

The morphologic aspects of human trophoblast invasion has been examined in great detail 

over the last ten years (Pijnenborg, 1990; Robertson et al, 1984).  Since it is difficult to reliably 

obtain human material prior to 4 weeks of gestation, much of our morphologic understanding of 

the earliest phases of trophoblast invasion has been extrapolated from monkey material (Enders, 

1989; Enders and King, 1991; Blankenship et al, 1992).  Examination of monkey implantation 

sites has revealed that trophoblasts begin to migrate down into the maternal spiral arteries as 

early as 10 days after fertilization, and at 14 days, many of the spiral arteries beneath the 

conceptus are totally occluded.  The specificity of this vascular interaction is revealed by the fact 

that no such invasion takes place in the veins.  The reason for this arteriolar occlusion is not 

know, although Rodesch et al (1992) have recently suggested that it is critical that maternal 

blood flow to the embryo be limited very early in gestation to protect the conceptus from 

excessively high oxygen levels during critical, early stages of differentiation.  Beyond 4 weeks, 

ectopic pregnancies, abortion material, placental bed biopsies and hysterectomy specimens have 

aided our understanding of human trophoblast invasion (Fig. 3). 
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Figure 3.  Histology of normal and abnormal invading trophoblasts.  A) Junction of 

anchoring villous (V) and endometrium in a 4-5 week gestation.  Note junctional trophoblasts (j) 
and invasive trophoblasts (I) penetrating through Nitabuch’s layer (N) and infiltrating into the 
decidualized endometrium (D).  Endometrial glands can be seen to the left (G).  264x.  B) 
Deeper portion of same specimen as shown in A.  Spiral arteriole (A) is surrounded by 
infiltrating trophoblasts (T).  Decidual cells (D), vessel lumen (L).  528x.  C) Dense infiltrate of 
intermediate trophoblasts (T) in the myometrium from a missed abortion.  The differential in this 
case was between a placental site trophoblastic tumor and an exaggerated placental site.  Note 
smooth muscle fibers (M) and endothelial cells (arrow heads) of a compressed vessel.  The 
patient was followed with no recurrent trophoblastic disease.  264x  D) Endometrial vessel (v) is 
filled and surrounded by abnormal, hyperchromatic trophoblasts (T).  Chorionic villi in other 
parts of this spontaneous abortion specimen were diagnostic of a compete hydatidiform mole.  
The patient’s chorionic gonadotropin levels were followed with no further evidence of 
trophoblastic disease.  264x.  E) Extremely abnormal focus of trophoblasts found deep in the 
myometrium of a hysterectomy specimen after MRI diagnosed fundal mass following diagnosis 
of complete mole in an elective abortion specimen.  The patient was found to have lung 
metastases and was treated with six courses of chemotherapy until her chorionic gonadotropin 
levels were undetectable.  No evidence of trophoblastic disease after two years.  528x.  F) 
Anaplastic focus of trophoblasts found in curetted specimen from uterus following four weeks of 
postpartum bleeding.  Patient already had lung and brain metastases at this time.  528x.  G) 
Decidual spiral artery from a 28 week gestation with clinical symptoms of severe preeclampsia.  
The spiral artery wall shows fibrinoid necrosis (arrow heads).  Vessel lumen (L).  While a few 
trophoblasts are near the vessel (T), no trophoblasts have entered the vessel wall, possibly 
because of the lymphocytes that surround the vessel (small arrow heads).  528x.  H) Infarcted 
chorionic villi from placenta of the same 28 week gestation.  The placenta was less than the 10th 
percentile for gestational age and had a total infarct volume of greater than 3 cubic centimeters.  
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The fact that the patient had a history of four previous second trimester losses suggests a primary 
immunologic reaction against paternal antigens on the invasive trophoblasts. 

 

 

 

Pijnenborg has recently reviewed our current knowledge of trophoblast invasion based on 

histologic examination of human material (Pijnenborg, 1990).  Following epithelial penetration 

of the endometrial surface epithelium, a phase of endometrial interstitial and endovascular 

trophoblast invasion occurs during the first month of development.  The degree of interstitial 

versus endovascular trophoblast penetration during this early phase may vary between the human 

and monkey species.  Interstitial trophoblasts can be identified in the human myometrium at 

about 8 weeks of development.  Finally, Pijnenborg (1990) has proposed that a second wave of 

endovascular trophoblast invasion occurs from 14-15 weeks of gestation. 

Although these studies have been crucial to identify the presence of trophoblasts in the 

endo— and myometrium during pregnancy, by their very nature these studies can not tell us 

about the dynamic process of trophoblast invasion.  If one identifies an invasive extraplacental 

trophoblast in a tissue section, how long that particular trophoblast has been there is not clear 

(Fig. 3).  At the present time we are completely ignorant about the rate of movement of each 

particular trophoblast and the longevity of these trophoblasts once they reach their destinations.  

For that matter, we can not determine if trophoblasts move in one direction and then stop, or 

move from place to place, sometimes present in the lumen of a vessel, sometimes in the wall of a 

vessel and sometimes outside of the vessels—migrating throughout the endo— and myometrium.  

At this time, there are no ways to study these problems, at least in the human.  For the human 

process, the best we can hope is to piece together a model of trophoblast invasion using serial 

specimens and to characterize the cytoplasmic and membrane-associated components of the 

invasive trophoblasts in an attempt to decipher their interactions with the extracellular matrix and 

with other cells and to follow their invasive, migratory nature.  Finally, we can employ model 

systems to learn something about cultured trophoblasts, which may shed some light on the in 

vivo processes. 

 

 

 

MODEL SYSTEMS 

 

Many different model systems have been employed to study implantation (Table 1) and 

trophoblast invasion.  Implantation model systems have utilized animal blastocysts cultured on 
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extracellular matrix surfaces (Carson et al, 1988), blastocysts cultured on pieces of uteri 

(Glenister et al, 1961), blastocysts cultured on whole uteri (Grant et al, 1975), and more recently, 

blastocysts cultured on Matrigel–polarized endometrial epithelium (Glasser and Mulholland, 

1993).  Matrigel—a mixture of solubilized basement membrane components containing laminin, 

type IV collagen, heparan sulfate proteoglycan, and entactin from mouse Engelbreth-Holm-

Swarm tumor—has been shown to support the differentiation of a number of cell types 

(Kleinman et al, 1986).  A few workers have been able to utilize human blastocysts in co-culture 

models (Bulletti et al, 1988; Lindenberg, 1986), but more often cultured human trophoblasts 

have been utilized in a variety of model systems (Kliman et al, 1989a; Kliman et al, 1989b).  The 

trophoblast invasion model systems have included dispersed trophoblasts cultured on amnion 

membranes (Yagel et al, 1988), filters containing small (usually 8 µm) holes, and filters with 

holes covered with ECM material, usually Matrigel (Librach et al, 1991), and slopes of Matrigel 

(Kliman and Feinberg, 1990). 

Although each of these model systems has its limitations and can not truly recapitulate in 

vivo biology, they have all contributed to our understanding of trophoblast invasion.  Through 

them, we have begun to appreciate the many complex proteases, protease inhibitors, hormones, 

growth factors and structural components that play a role in trophoblast invasion. 

 

 

 

ROLE OF PROTEASES IN TROPHOBLAST INVASION 

 

Trophoblast invasion appears to involve multiple steps (Fig. 4): penetration of the 

endometrial epithelium, rupture of the endometrial basement membrane, infiltration through the 

endo— and myometrium, penetration and conversion of the maternal spiral arteries, and finally, 

cessation of invasion.  It is reasonable to conclude, therefore, that trophoblasts employ a variety 

of tools to perform these many functions.  It is also not surprising that a variety of protease and 

protease inhibitor activities have been attributed to trophoblasts (Queenan et al, 1987; Yagel et 

al, 1988; Feinberg et al, 1989a; Jensen et al, 1989; Bischof et al, 1991; Librach et al, 1991; Herz 

et al 1992; Fernandez et al, 1992)—no doubt reflecting the different tasks that these cells must 

perform (Lala and Graham, 1990). 
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Figure 4.  Model of human implantation.  (1) Trophoblasts attach to the endometrial 

surface epithelium through cell adhesion molecules (CAMs) which are hormonally regulated.  
(2) The trophoblasts interdigitate between the epithelial cells, displacing some in the process.  
Eventually the trophoblasts make contact with the basement membrane, initiating the secretion 
of proteases (3).  The extent of proteolysis is regulated by membrane associated (t) and secreted 
(+) protease inhibitors.  (4) Once the trophoblasts have reached their final destination (e.g., a 
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maternal spiral artery), they synthesize ECM proteins that firmly attach them to their 
surroundings. 

 

 

The plasminogen activator (PA) system 

Studies in non-human systems have proposed a critical role for trophoblast-secreted 

plasminogen activator (PA) during implantation and placentation.  In mice, trophoblast 

production of PA correlates temporally with blastocyst invasion (Strickland et al, 1976; Sherman 

et al, 1976), and implantation-defective mouse embryos elaborate diminished amounts of PA 

(Axelrod, 1985).  A role for PA in human nidation is suggested by the work of several 

investigators (Martin and Arias, 1982; Queenan et al, 1987; Zini et al, 1992), who demonstrated 

that trophoblasts in culture produce active urokinase-type PA (u-PA).  In fact, the results of Cajot 

et al (1989) lend support to the concept that any cell type which produces active u-PA can harbor 

an invasive phenotype.  These workers transfected non-invasive mouse L cells with a cosmid 

containing the complete human u-PA gene.  Those cells which expressed human u-PA could 

both degrade and invade the ECM, suggesting that u-PA expression alone is sufficient to initiate 

these processes. 

More recently it has been appreciated that trophoblasts do not simply secrete u-PA into the 

extracellular space to invade, but they must also localize this PA on the cell surface at the 

invasion front (Ellis et al, 1992; Estreicher et al, 1990).  The key components described up to this 

point (Fig. 5) include (u-PA, the u-PA receptor (uPAR; Zini et al, 1992), plasminogen and 

plasmin (Hall et al, 1991; Plow et al, 1991; Jensen et al, 1989), type 1 plasminogen activator 

inhibitor (PAI-1; Feinberg et al, 1989a), LDL receptor-related protein (LRP; Herz et al, 1992), 

α2-macroglobulin (Strickland et al, 1990), and receptor-associated protein (RAP; Williams et al, 

1992).  It appears that trophoblast invasion, like tumor cell invasion, not only depends on the 

synthesis and secretion of plasminogen activators and their inhibitors, but the three dimensional 

relationships among these proteins, the cell surface and the extracellular matrix. 
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Figure 5.  uPA, uPAR, PAI-1, LRP, αα2-macroglobulin and RAP interactions.  

Urokinase-type plasminogen activator (u-PA) is synthesized and secreted by the trophoblast.  
Phorbol esters can increase trophoblast invasiveness, possibly by increasing u-PA synthesis.  At 
the invasion front, the u-PA binds to its cell surface receptor, uPAR.  This binding activates the 
u-PA and it converts plasminogen, which is present in the extracellular fluid, to plasmin, a potent 
protease that can either directly or indirectly through other proteases degrade extracellular matrix 
components.  u-PA can also activate collagenases directly.  Plasminogen activator inhibitor 1 
(PAI-1)—which is also made by the invasive trophoblasts—can covalently bind to and inhibit u-
PA.  Once coupled to its inhibitor, the u-PA–PAI-1 complex associates with the LDL-receptor-
related protein (LRP) and is taken up into the cell.  u-PA can also be sequestered and taken into 
the cell via association with α2-macroglobulin and LRP.  LRP synthesis is upregulated by CSF-
1, a product of the decidualized endometrium.  Finally, researchers have described an inhibitor of 
u-PA–PAI-1 and u-PA–α2-macroglobulin complex association with LRP: receptor-associated 
protein (RAP).  RAP can regulate the amount of active u-PA that is on the cell surface by 
preventing u-PA–PAI-1 complexes from being cleared away.  See text for details. 

 

 

 

 

PA activity in vascular and extracellular spaces is modulated by PA inhibitors (PAIs), 

glycoproteins of the SERPIN (serine protease inhibitor) family that covalently bind to and inhibit 
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u-PA (Loskutoff et al, 1986; Wun and Riech, 1987).  Therefore, it is likely that PA-PAI 

interactions modulate trophoblast invasion in vivo and control fibrinolysis within the intervillous 

spaces of the placenta.  Until recently, evidence for trophoblast elaboration of PAIs during 

pregnancy has been indirect.  Two well characterized PAIs, PAI-1 and PAI-2, were isolated from 

total placental extracts (Kruithof et al, 1987; Wun and Riech, 1987; Ye et al, 1987).  In addition, 

plasma PAI-1 and PAI-2 levels increase with advancing gestation, but decrease dramatically 

soon after delivery (Kruithof et al, 1987).  Altered plasma levels of PAIs have been reported in 

preeclampsia of pregnancy (DeBoer et al, 1988; Gore et al, 1987), a disease in which 

abnormalities in fibrinolysis and trophoblast function often occur.  Studies to examine the 

synthesis and regulation of PAI-1 and PAI-2 in normal human cytotrophoblasts revealed that 

PAI -1 and PAI-2 mRNA and protein are produced by cultured cytotrophoblasts, whereas only 

PAI-1 is found in JEG-3 cells, a malignant trophoblast cell line (Feinberg et al, 1989b; Feinberg 

et al, 1990). 

These clinical and in vitro data suggest a physiological role for the plasminogen activators 

and their inhibitors, but in vivo confirmation of these observations is critical.  A number of 

studies have supplied this confirmation.  Invading trophoblasts contain u-PA mRNA (Sappino et 

al, 1989), are immunoreactive for u-PA (Kliman, unpublished results), and more recently have 

been shown to express uPAR by immunohistochemistry (McCrae et al, 1993).  As for the 

inhibitors, PAI-2 was localized by immunocytochemistry to villous syncytiotrophoblasts whereas 

PAI-1 was present primarily in invasive trophoblasts of implantation sites (Feinberg et al, 

1989a).  These findings imply an important physiological role for these proteins in vivo, and 

suggest that u-PA and PAI-1 are specifically required for the trophoblast invasive process (Fig. 

6). 
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Figure 6.  Model for roles of uPA and PAI-1 in trophoblast invasion.  � Trophoblasts 

make contact with basement membrane and begin to synthesize and secrete uPA.  � Dominant 
secreted product is uPA ( ), resulting in degradation of ECM components either by direct 
protease action or by initiating other proteases (e.g., collagenases) in a cascade (see Fig. 7).  
� PAI-1 ( ), a potent inhibitor of uPA, begins to be synthesized and secreted as cells approach 
their destination.  � Cells switch over to mainly PAI-1 secretion, causing uPA to become 
progressively complexed with PAI-1 and inactivated ( ), allowing cells to begin to synthesize 
new ECM components and become firmly attached in their new location. 
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Figure 7.  Plasminogen activator/collagenase cascade.  Plasminogen activators —tissue 

type (t-PA) and urokinase-type (u-PA)—are able to convert plasminogen to plasmin.  Plasmin is 
an extremely potent protease that can by itself degrade virtually all extracellular matrix proteins, 
as well as break down fibrin into fibrin split products (FSP).  The plasminogen activators 
(Mignatti et al. 1986; Reich et al. 1988), as well as plasmin (Gavrilovic and Murphy, 1989), may 
also activate procollagenases to their active forms.  Both plasmin and collagenases appear to 
participate in trophoblast invasion.  The entire cascade can be blocked by the plasminogen 
activator inhibitors (PAI 1 and 2), which complex with the plasminogen activators.  The inactive 
PA-PAI complexes are taken up by cell membrane receptors, which are then recycled back to the 
cell surface to bind more active PA (see Fig. 5). 

 

 

HCG gradient formation: regulation and consequences for trophoblast invasion 

Why don’t all trophoblasts produce u-PA and PAI-1?  Recent research suggests that hCG 

may play a critical role in determining whether a trophoblast will be a hormonally active cell or 

an invasive cell.  As is typical of most hormones, chorionic gonadotropin synthesis is regulated 

by positive and negative factors (Kliman, 1994).  GnRH and activin—which are made by the 

cytotrophoblasts—and EGF and hCG itself—which act as autocrine factors—all act, via 
adenylate cyclase and cAMP, to stimulate hCG secretion.  TGFα and inhibin—which are also 

made by the cytotrophoblasts—act to inhibit hCG secretion.  hCG itself—which is secreted in 

large quantities into the intervillous space—also acts as a paracrine factor on the 

cytotrophoblasts (Shi et al, 1993), inducing them to differentiate towards a hormonally active 

syncytiotrophoblast phenotype (Fig. 8).  The high concentrations of hCG in the intervillous space 

keeps the cytotrophoblasts differentiating down the syncytiotrophoblast pathway and inhibits 

their ability to make proteases (Milwidsky et al, 1993).  In addition, cyclic AMP, the intracellular 

second messenger of hCG stimulation, has been shown to block trophoblast invasion (Kliman 

and Feinberg, 1990).  The villi near the decidua are exposed to less hCG and are also affected by 

PAI-1
or

PAI-2
PLASMINOGEN

ACTIVATOR
(t-PA or u-PA)

PRO-COLLAGENASES COLLAGENASES

PLASMINOGEN PLASMIN

FIBRIN FSP

INVASION
PROTEOLYSIS



Trophoblast Infiltration  Harvey J. Kliman 

Page 16  January 6, 1994 

other paracrines, including TGFß (Lysiak et al, 1992) and LIF (leukemia inhibitory factor; 

Stewart, 1994), which are made by the neighboring decidua.  These factors switch the 

differentiation pathway (Fig. 2) of the cytotrophoblast away from becoming a villous 

syncytiotrophoblast to become an anchoring trophoblast which makes trophouteronectin—the 

fibronectin responsible for attaching the placenta to the decidua (Feinberg et al, 1991).  The 
anchoring trophoblasts also make TGFß (Lysiak et al, 1992), which in an autocrine fashion also 

keeps these trophoblasts in the attachment pathway.  Some trophoblasts escape the junctional 

zone, possibly by down regulating certain integrins (Damsky et al, 1992), and are free to migrate 

into the endo— and myometrium.  Once free of the inhibitory effects of the hCG gradient, the 

invasive trophoblasts can make high levels of urokinase-type plasminogen activator and 
collagenases.  By creating a TGFß gradient, the decidua protects itself and can limit trophoblast 

invasiveness by inducing the trophoblasts to make the inhibitors of these proteases: PAI-1 for the 

PA system (Feinberg et al, 1989a) and TIMP (tissue inhibitor of metaloproteinases) for 

collagenases (Graham and Lala, 1991; Lala and Graham, 1990). 
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Figure 8.  hCG gradient formation: regulation and consequences for trophoblast 
invasion.  The chorionic villous syncytiotrophoblasts secrete high levels of hCG into the 
intervillous space, creating an hCG gradient.  While bathed in high hCG levels, cytotrophoblasts 
are pushed towards a villous differentiation pathway and are inhibited from making proteases.  
The decidua secretes both TGFß and LIF, forming a second gradient.  At the placental-decidual 
junction, cytotrophoblasts are exposed to less hCG and are stimulated by TGFß and LIF to make 
TUN, which anchors these trophoblasts to the endometrium.  Some trophoblasts escape from the 
junction and migrate into the endometrium.  The factors that control this step, and the subsequent 
migration of the invasive trophoblasts to the maternal spiral arteries are not known.  Released 
from the effects of hCG and possibly stimulated by as yet unknown factors in the decidua, these 
invasive trophoblasts make plasminogen activators, collagenases, and the specific inhibitors for 
these proteases, all to coordinate the regulated trophoblast invasion of the endo— and 
myometrium (see Fig. 6) 

 

 

 

Collagenases 

Cultured trophoblasts produce a number of collagenases (Fernandez et al, 1992; Bischof et 

al, 1991; Librach et al, 1991; Emonard et al, 1990; Moll and Lane, 1990) and collagenase 

inhibitors (Graham and Lala, 1991; Librach et al, 1991).  Although in vitro model systems have 

demonstrated collagenase dependent invasion (Librach et al, 1991; Yagel et al, 1988)—unlike 

the situation for the plasminogen activator system—only limited data exist to prove in situ a role 

for collagenases in implantation and trophoblast invasion (Fernandez et al, 1992). 

In vitro work with normal and malignant trophoblasts have clearly demonstrated the 

expression of collagenases by these cells.  In addition to simply being expressed, collagenase 

production is modulated by the matrix in which the trophoblasts find themselves.  Emonard et al 

(1990) discovered that laminin caused normal trophoblasts to increase secretion of type IV, but 

not type I, collagenase, while type I collagen induced these trophoblasts to make increased 

quantities of both types I and IV collagenases.  Bischof et al (1991) found that trophoblasts 

grown on Matrigel produced a 59 kD gelatinase that was not seen in the supernatants of cells 

grown on other matrices.  It seems reasonable to hypothesize that trophoblasts make different 

proteases and inhibitors depending on where they are located in the invasion pathway (Fig. 4).  

Furthermore, the types and quantities of proteases and protease inhibitors may be modulated by 

cytokines found in different locations of the implantation site (Fig. 8). 

As suggested above, trophoblast invasion requires a complex interaction of many enzymes, 

inhibitors and substrates.  Not surprisingly, therefore, the activity and activation of the 

plasminogen activator system and collagenases appear to be intertwined (Fig. 7).  In breast 

cancer lines, plasminogen via plasminogen activator has been shown to activate interstitial 

collagenases (Paranjpe et al, 1980; O’Grady et al, 1981), while in other cell lines, PA and 
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plasminogen are required for type IV collagenase activity (Salo et al, 1982; Gavrilovic and 

Murphy, 1989).  Evidence also suggests that plasminogen activators can activate collagenase 

cascades (Mignatti et al. 1986; Reich et al. 1988), as well as evidence that u-PA can directly 

activate the 72 kD collagenase (Keski-Oja et al, 1992).  It appears likely, therefore, that just as 

the movement of other invasive cells is facilitated by these enzymes, both the PA and 

collagenase systems coordinately facilitate trophoblast movement into the endo— and 

myometrium. 

 

 

 
EXTRACELLULAR MATRIX (ECM) INTERACTIONS 

 

Trophoblasts do not invade or migrate in a vacuum.  As for any motile cell, interactions with 

the ECM are as important as degradation of matrix proteins.  In fact, motility—and the requisite 

interaction with ECM proteins that motility demands—may be more important than ECM 

degradation (Liotta et al, 1986; Terranova et al, 1986).  For this reason, a complete discussion of 

trophoblast invasion must also include binding interactions with the ECM.  The elucidation of 

the fundamental role of integrins in cell-ECM interactions has opened another phase of 

trophoblast investigation.  This work has led to a new understanding of trophoblast invasion, 

which may be more appropriately considered trophoblast infiltration. 

Trophoblasts in culture avidly stick to ECM proteins, including laminin, type 1 collagen and 

fibronectin (Kao et al, 1988), as well as Matrigel (Kliman and Feinberg, 1990).  Whole 

blastocysts also appear to have a propensity for laminin (Armant, 1991).  The affinity of invasive 

extravillous trophoblasts for laminin appears to be specific characteristic of these cells 

(Romagnano and Babiarz, 1993; Loke et al, 1989a), and even has been exploited as a way of 

purifying this cell type (Loke et al, 1989b).  This interaction is made more probable when one 

considers the large amount of laminin that is made by decidualized stromal cells of the luteal and 

pregnant endometrium (Loke et al, 1989a).   

Trophoblasts, as is the case for virtually all cell types, interact with the ECM through 

integrins.  Collectively, this work (Damsky et al, 1992; Aplin, 1993; Burrows et al, 1993; Zhou 

et al, 1993) has shown that as trophoblasts leave the cell columns and enter the maternal space 

they lose integrins (laminin specific) for basement membrane interactions and gain integrins for 

fibronectin and type I collagen interactions.  In addition to integrins, specific cell-associated 

carbohydrates may play an important role in how tightly trophoblasts interact with the ECM 

(Yagel et al, 1990). 
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In addition to the integrins and the ECM proteins involved in these interactions, the 

thickness—or possible deformability—of the ECM appears to play a role in trophoblast biology 

and behavior.  When trophoblasts from first or third trimester placentas were grown on glass or a 

slope of Matrigel with a thickness of less than 1 µm to over 60 µm, the cells behaved very 

differently depending on where they were growing (Kliman and Feinberg, 1990).  After 48 h, the 

trophoblasts on the glass surface had flattened, aggregated, and begun to form syncytia, as has 

been described previously (Kliman et al, 1986).  On the thin part of the beach—zone 1 (defined 

as the Matrigel extending from the visible edge to 4 µm in thickness)–the cells flattened out in a 

fashion very similar to the flattening on glass.  On zone 2 (defined as the Matrigel from 4 to 14 

µm in thickness), the cells caused marked clearing of the Matrigel by creating pericellular zones 

of lysis around the trophoblast aggregates.  SEM revealed that the trophoblast groups on zone 2 

progressively eroded the Matrigel until the glass surface was exposed.  Zone 2 lysis was 

particularly pronounced after the Matribeaches were immunocytochemically stained for mouse 

laminin, which resulted in multiple areas of negative staining around the cells.  The same effect 

was observed when first trimester trophoblasts were used.  The cells on zone 3—Matrigel thicker 

than 14 µm—remained spherical, mostly single, and exhibited little or no zones of lysis.  

Immunohistochemical staining revealed that trophoblasts on all zones exhibited cytoplasmic 

staining for u-PA, PAI-1, and PAI-2 (Fig. 9).  The cells on zone 2 were surrounded by a haze of 

u-PA and PAI-1, but not PAI-2, staining.  In addition, u-PA staining appeared to involve the fine 

cytoplasmic processes seen to emanate from the cells of zone 2 (Fig. 9E). 
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Figure 9.  Matribeach immunocytochemistry for PAI-1, PAI-2 and u-PA.  Normal 
human trophoblasts were cultured on Matribeach slopes for 48 h, fixed with Bouin's solution and 
immunocytochemically stained with specific polyclonal antibodies.  Control cultures utilizing 
non-immune rabbit sera as primary antibody showed no staining.  A. PAI-1 staining of zone 2 
cells.  After 48 h, the trophoblasts have aggregated into multicellular masses which stain 
intensely for PAI-1 (arrows).  These zone 2 cells have induced marked clearing of the Matrigel 
(arrow heads).  Note the long intercellular processes which extend into the Matrigel and connect 
many of the cell groups.  Also note a portion of undigested Matrigel away from the trophoblast 
aggregates (M).  B. PAI-2 staining of zone 1 and 2 cells.  Light cytoplasmic staining of the flat 
zone 1 cells can be appreciated.  The zone 2 cells show some cytoplasmic staining, but do not 
show an intense haze of PAI-2 staining around the cell groups (arrows).  As in panel A, the zone 
2 cells are surrounded by areas of Matrigel clearing (arrow heads).  C. PAI-1 staining of zone 2 
cells, higher power.  The individual cells of the trophoblast aggregates can now be seen (arrows).  
In addition, the distinct PAI-1 pericellular ECM staining can be seen.  Note the zones of Matrigel 
clearing (�), and the fine intercellular processes.  D. PAI-2 staining of zone 2 cells.  Although 
the trophoblast aggregates are staining for PAI-2 (arrows), the pericellular area around the cells 
is unstained (arrow heads).  Again, note the Matrigel clearing typical of zone 2 cells (�) and the 
fine intercellular processes.  E. u-PA staining of zone 2 trophoblasts, high power.  Like the PAI-1 
stained cells, this trophoblasts aggregate (arrow) exhibits distinct pericellular staining for u-PA.  
Unlike the PAI-1 stained cells, however, this cell reveals fine u-PA staining of the emanating 
cytoplasmic processes (arrow heads).  See Fig. 10 for description of possible significance of this 
observation.  F. u-PA staining of zone 3 trophoblasts, high power.  Tightly massed group of 
trophoblasts (arrow) showing strong staining for u-PA.  The staining appears to extend into the 
immediate pericellular space (arrow heads), but does not reveal evidence of u-PA stained 
cytoplasmic processes.  Note the undigested Matrigel around the trophoblasts. 
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How can trophoblasts “know” how thick the Matrigel is under them?  One hypothesis relates 

to the extension of u-PA rich cell processes beyond the reach of cell secreted PAI-1 (Fig. 10).  A 

second possibility is that the matrix itself absorbs motility factors, making the cells on the 

thickest part of the Matribeach slope less able to move.  Finally, recent work on integrin-ECM-

cell transduction models (Ingber and Folkman, 1989; Ingber, 1991) has suggested the possibility 

that cell behavior—and hence cell differentiation and biochemistry—may be affected by the 

deformability of the surrounding ECM. 

 

 

 
 
Figure 10.  How does ECM thickness modulate trophoblast behavior on Matribeach?  A 

model: The cells on zone 2, by random cell extensions, make contact with the glass, triggering 
extension of u-PA (�) rich lamellipodia and microspikes (Pöllänen et al, 1987).  These cell 
processes (ZONE 2 CELL) extend beyond the area of PAI inhibition (dots), allowing the 
membrane-associated u-PA to activate ECM resident collagenases and/or plasminogen, 
beginning ECM degradation (arrows).  In zone 3, the cells are not able to extend processes 
through the >14 µm layer of Matrigel to the glass, and are thus not stimulated to extend u-PA 
rich lamellipodia or microspikes (ZONE 3 CELL).  Alternatively, a factor (or factors) could be 
adsorbed by the thick Matrigel (*) of zone 3, thus removing stimulation for invasion by u-PA 
rich processes. 
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Once a migrating–invading trophoblast reaches its destination, it must reestablish bonds to 

the surrounding ECM (Fig. 2).  In addition to being able to attach to a many ECM proteins, 

trophoblasts are also able to synthesize a wide variety of ECM proteins (Blankenship et al, 1992; 

Autio-Harmainen et al, 1991; Feinberg et al, 1991; OShea et al, 1990).  It is in this way that the 

trophoblast solves the problem of reattachment to the matrix. 

Which ECM proteins trophoblasts make depends on the local environment of the trophoblast.  

In addition to having a specific pattern of integrin distribution from the villi, through the 

anchoring cell columns on to the invading trophoblasts (Damsky et al, 1992), trophoblasts make 

unique ECM proteins at each of these different locations.  Within the villi, laminin is the major 

ECM protein, while fibronectin is the major ECM protein around invasive intermediate 

trophoblasts (Damsky et al, 1992).  When trophoblasts penetrate the spiral arteries of the 

placental bed, they synthesize type IV collagen and laminin (Blankenship et al, 1992).  At the 

junction of the placenta and decidua, a unique fibronectin is made—trophouteronectin (TUN; 

Feinberg et al, 1991).  This fibronectin, related to onco-fetal fibronectins, appears wherever 

trophoblasts make first contact with a foreign tissue (Feinberg et al, 1991).  What factors regulate 

the synthesis of trophoblast ECM proteins in the villi and spiral arteries is not known at this time.  
However, we have noted that both TGFß and LIF—which are made in high concentrations by the 

decidua (Figs. 2 and 8)—stimulate the production of trophoblast TUN (Feinberg et al, 1993; 

Nachtigall et al, 1994). 

 

 

 
CYTOKINES AND GROWTH FACTORS 

 

Growth factors and cytokines control more than just whether a trophoblast will or will not 

make a particular ECM protein.  Evidence suggests that these factors control an entire repertoire 

of cell behaviors, coming together in concert to control implantation and placentation as a whole 

(Strickland and Richards, 1992). 
Transforming growth factors α and ß (TGFα, TGFß), and epidermal growth factor (EGF) 

have been identified in trophoblasts, both in vitro and in vivo.  TGFß has been identified by 

immunohistochemistry in first and third trimester human placenta (Vuckovic et al, 1992), 

especially in the syncytial trophoblasts and the cell columns of first trimester anchoring villi.  

EGF and the EGF receptor have been localized to the syncytiotrophoblast in intrauterine and 

ectopic pregnancies (Hofmann et al, 1992), suggesting a potential autocrine role for EGF in 
placental growth.  TGFα, an EGF-like hormone, has also been identified in the placenta 

throughout gestation, but in the cytotrophoblasts of the chorionic villi (Filla et al, 1993).  Both 



Trophoblast Infiltration  Harvey J. Kliman 

Page 23  January 6, 1994 

EGF and TGFα were able to stimulate cultured cytotrophoblasts to increase their mitotic rate 

(Filla et al, 1993).  The factors that may be responsible for activating trophoblast TUN 
production include TGFß (Feinberg et al, 1993) and LIF (Nachtigall et al, 1994).  TGFß has been 

identified in the region of the utero-placental junction, possibly made by both decidual cells in 

that area and by the trophoblasts themselves (Lysiak et al, 1992).  LIF has been identified in 

human endometrium (Stewart, 1994), but has not been shown to be made by trophoblasts.  
Interestingly, both TGFß and LIF have been shown to upregulate TUN secretion from cultured 

trophoblasts while down-regulating hCG secretion (Feinberg et al, 1993; Nachtigall et al, 1994).  

In addition to switching the differentiation pathway of trophoblasts from becoming a villous 
trophoblast to becoming an anchoring trophoblast (Fig. 2), TGFß also, as evidence shows, down 

regulates trophoblast invasiveness (Lala and Graham, 1990), and may even upregulate TIMP and 

PAI-1 in this cell type—as it does in other invasive cells (Laiho and Keski-Oja, 1989). 

 

 

 
DISEASES OF TROPHOBLAST INVASION: PREECLAMPSIA AND GESTATIONAL 
TROPHOBLASTIC NEOPLASIA 

 

Preeclampsia, the clinical state prior to full blown eclampsia (seizures), is one of the 

‘toxemias’ of pregnancy.  The basic clinical definition is a “pregnancy-specific condition of 

increased blood pressure accompanied by proteinuria, edema, or both” (Smith, 1993).  In spite of 

simplicity of the clinical signs and symptoms, the etiology of the disease has remained elusive.  

Many phenomena have been investigated, but the recurring theme appears to be an abnormally 

low blood flow into the placenta (Naeye, 1989).  One of the difficulties has been to distinguish 

between primary cause and secondary effects (Khong et al, 1992; Roberts et al, 1989; Chua et al, 

1991; Bishop et al, 1990; Zeeman et al, 1992; Toppozada, 1990; Hsu et al, 1993).  Part of this 

may be attributable to the fact that the common end result of low uteroplacental blood flow may 

be caused by many primary defects.  Possibly, therefore, preeclampsia/eclampsia is not a disease, 

but a syndrome with many causes (Fay, 1990; Purcell, 1992; Zeeman and Dekker, 1992; Krege 

and Katz, 1990; Tuohy and James, 1992; Feinberg et al, 1991; Boyd et al, 1987).  Significantly, 

one of the most frequent findings in preeclampsia is decreased or absent trophoblast invasion of 

the maternal spiral arteries (Pijnenborg et al. 1981; Pijnenborg, 1990; Robertson et al, 1984). 

Decreased or absent trophoblast invasion may be a consequence of primary defects in the 

invasive trophoblasts or in the environment that the trophoblasts are attempting to invade.  

Studies show that in preeclampsia there is abnormal trophoblast integrin expression (Zhou et al, 

1993), abnormal trophoblast glycogen metabolism (Arkwright et al, 1993), and decreased 
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trophoblast galactose alpha 1-3 galactose (Christiane et al, 1992).  In addition, preeclampsia has 

been associated with trisomy 13 (Tuohy and James, 1992), the chromosome that carries the gene 

for type IV collagen.  Placental bed biopsy in a case of preeclampsia in a multiparous woman 

carrying a trisomy 13 fetus showed lack of trophoblast invasion of maternal spiral arteries 

(Feinberg et al, 1991).  These trophoblasts may have had difficulty invading through the 

maternal ECM because of increased type IV collagen production.  In addition to primary 

trophoblast defects, many cases of preeclampsia appear to be related to maternal immunologic 

reaction against the invading trophoblasts.  A common clinical finding in these cases is that the 

spiral arteries are not converted and instead are surrounded by lymphocytes (see Fig. 3G), 

presumably attacking the foreign-appearing invasive trophoblasts. 

In contrast to the clinical syndrome of decreased trophoblast invasion, gestational 

trophoblastic disease (GTD) represents increased and uncontrolled trophoblast invasion.  

Expanded trophoblast invasion ranges from an exaggerated placental site with increased numbers 

of benign intermediate trophoblasts (Kurman, 1991a), to placental site trophoblastic tumors 

(Young et al, 1988), to invasive moles, to frank choriocarcinoma (Kurman, 1991b).  

Morphologic distinction between these forms of trophoblast proliferation can be difficult (see 

Fig. 3; Sasagawa et al, 1988), but we have been able to show that the normal mechanisms that 

stop trophoblast invasion are defective in choriocarcinoma cell lines (Kliman and Feinberg, 

1990).  Normal cytotrophoblast differentiation can be shifted towards a villous 

syncytiotrophoblast and away from an invasive trophoblast phenotype by cAMP analogues 

(Kliman, 1994), while this treatment does not affect choriocarcinoma invasiveness (Kliman and 

Feinberg, 1990), suggesting a primary defect in differentiation-signalling in the malignantly 

invasive trophoblast. 

 

 

SURVIVAL ADVANTAGE 

 

The advent of trophoblast invasiveness allowed humans to gestate long enough to have a 

survival advantage over those creatures that did not acquire this ability.  With this enhancement 

in the placental-uterine relationship came new demands.  Signals were required to trigger 

trophoblasts to attach firmly to the uterus, to leave the placenta and invade into the endo— and 

myometrium, to modify the maternal spiral arteries without causing hemorrhage and thrombosis, 

and finally to limit invasiveness.  Our increased understanding of trophoblast biology is 

beginning to clarify the many aspects of trophoblast differentiation and invasiveness that lead to 

a healthy pregnancy; or when defects in these control mechanisms occur, to understand how 

trophoblast pathology can cause serious, even life threatening, complications of pregnancy.  Our 
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challenge now is to apply these new insights to promote healthy pregnancies for all who want 

them. 
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