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A method for the simultaneous preparation of highly enriched human placental trophoblast populations
(villous and extravillous) from first-trimester placental villi (5 to 12 weeks) by using sequential trypsinization,
percoll gradient centrifugation, and negative selection with anti-CD9 immunomagnetic separation is described.
The purification method resulted in the isolation of four distinct trophoblast populations identified on the
basis of morphology and phenotyping: (i) mononuclear villous cytotrophoblast cells which, through differen-
tiation, become committed to syncytium formation; (ii) an extravillous trophoblast population which appeared
as a ‘‘crazy pavement’’ and, with subsequent subculturing, differentiated morphologically to mononuclear cells;
(iii) an extravillous trophoblast fraction which fused to form multinucleated trophoblast giant cells; and (iv)
floating intermediate extravillous trophoblast cells which fused together to form cell clumps and which further
differentiated to a mononuclear anchoring intermediate extravillous trophoblast. Short-term cultures of the
freshly isolated cell fractions consisted of heterogeneous trophoblasts at different differentiation stages as
determined by their varied biochemical and morphological properties. All the isolated trophoblast populations
expressed the cytokeratin intermediate filament and the epithelium-specific cell-cell adhesion molecule E-
cadherin. The isolated villous trophoblasts in culture expressed integrins a6 and b4 and reduced levels of b1
subunits, whereas the proliferating extravillous trophoblast cultures expressed a1, a3, and a5 and high levels
of b1 integrin subunits, vitronectin receptor (aVb3/b5), and major histocompatibility complex class 1 mole-
cules. Furthermore, the isolated trophoblast populations secreted metalloproteases (such as type IV collag-
enases [mainly 72- and 92-kDa enzymes, i.e., gelatinases A and B]) and urokinase plasminogen activator, as
evaluated by substrate gel zymography. This method of isolation should facilitate in vitro studies of trophoblast
proliferation, differentiation, invasion, virus interactions, cytokenesis, and immunology.

The cytotrophoblast is the first fetal cell type to arise during
embryogenesis and undergoes multistep differentiation path-
ways to form villous and extravillous trophoblasts of the pri-
mate placenta. In the human placenta, the cytotrophoblast
exists in both the floating villi, which are not in contact with the
maternal uterine wall but are bathed by the maternal blood
and which play a role in gas and nutrient exchange to the
developing embryo, and anchoring villi, which are in contact
with the uterine wall. The cytotrophoblast in the floating villi
exists mainly as polarized and highly proliferative mononuclear
cells anchored to a basement membrane. These cells differen-
tiate exclusively by fusion to form a multinuclear syncytial cell
layer that surrounds the villus. In the anchoring villi, the cy-
totrophoblast undergoes an additional pathway to form non-
polarized cells that penetrate the syncytium, lose their base-
ment membrane, and become a highly migratory and invasive
trophoblast population sometimes termed the ‘‘intermediate
trophoblast.’’ Their destinations are in the endometrium (de-
cidual), myometrium wall (interstitial), and the uterine spiral
arteries (endovascular). Multinucleated trophoblast cells in the
extravillous locations (placental bed) are designated placental
bed giant cells (11).
The invasion of the extravillous trophoblast into the endo-

metrium is an essential part of embryo implantation and re-
sembles the invasion of malignant tumors. However, unlike
tumor invasion, trophoblast invasion is precisely regulated, is

confined spatially to specific areas in the uterus, and is con-
fined temporally to early pregnancy. Several factors, including
cytokines (10), growth factors (2), and integrins (5, 12), have
been reported to play critical roles in trophoblast differentia-
tion, migration, and invasion. Furthermore, the placenta rep-
resents an allogeneic tissue graft that is intimately exposed to
maternal immunocompetent cells but that does not elicit an
effective allograft reaction. The detailed mechanisms regulat-
ing trophoblast proliferation and differentiation as well as in-
vasion and the immunological acceptance of the antigenically
foreign conceptus leading to the successful establishment of
pregnancy are not well understood.
The basic requirement for the detailed study of the individ-

ual trophoblast cell populations and their possible functions
during pregnancy is the development of reliable methods for
the isolation of these cells to a high degree of purity. Numer-
ous methods that have used physical (14) and/or immunomag-
netic (7) separation and cell attachment procedures (23) have
been reported. In vitro studies of the physiological, biochem-
ical, and endocrine functions of trophoblasts have been per-
formed by using organ cultures or isolated trophoblast cells by
methods which result in an enriched trophoblast population of
one type. Therefore, the ability to isolate, purify, and culture
human trophoblast subpopulations will facilitate in vitro stud-
ies of the mechanisms which regulate trophoblast functions.
Here we report a method for the simultaneous isolation of

human villous and extravillous trophoblast subpopulations
from first-trimester placentae. Furthermore, the morphologi-
cal and biochemical differentiation of the trophoblast cell sub-
sets in vitro are also reported.
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MATERIALS AND METHODS

Isolation of trophoblast subpopulations. First-trimester trophoblast subpopu-
lations were isolated from placentas (5 to 12 weeks) derived by the legal termi-
nation of pregnancy. Briefly, 200 g of tissue was washed thoroughly in 50 ml of
cold sterile phosphate-buffered saline (s-PBS) until the supernatant was nearly
free of blood. Areas rich in chorionic villi were selected and were minced
between scalpel blades into small pieces. The minced tissues were washed in
s-PBS and were subjected to three sequential 10-min treatments with 0.125%
trypsin and 0.2 mg of DNase I (Boehringer Mannheim GmbH, Mannheim,
Germany) per ml in s-PBS containing 5 mM MgCl2. At every 10-min step, the
cells that were released were pooled and filtered through two layers of muslin,
and the trypsin activity was inactivated with fetal calf serum (FCS). The filtrates
were centrifuged, and the cell pellets were resuspended in s-PBS. Cells from each
10-min step were resuspended in 70% percoll (Pharmacia, Uppsala, Sweden) at
a density of 23 105 cells per ml, and the mixture was layered under 20 ml of 25%
percoll. A total of 10 ml of s-PBS was put on top of the 25% percoll, and a
gradient was established by centrifuging at 2,000 rpm for 20 min. Cells from the
middle band (density, 1.048 to 1.062 g/ml) of the gradient were pooled, washed,
and resuspended in s-PBS at a density of 20 3 106 cells per ml. In most cases the
isolated cells were seeded at a density of 106 cells per ml of keratinocyte growth
medium (KGM) supplemented with 10% FCS and were tested for purity by
cytokeratin staining. Third-trimester villous trophoblast cells, which were used
for comparison, were isolated from term placentas by the method of Douglas and
King (7) immediately after spontaneous vaginal delivery.
Anti-CD9 immunomagnetic separation. A total of 40 ml of anti-CD9 antibody

(The Binding Site, Birmingham, United Kingdom) was added to 203 106 freshly
isolated or cultured cells, and the mixture was incubated for 30 min on ice with
gentle agitation. A total of 4 3 106 Dynabeads M-450 (sheep anti-mouse immu-
noglobulin G) were mixed with the cell suspension, and the mixture was kept on
ice for 1 h with gentle rotation. The cells that adsorbed to the magnetic beads
were collected with a magnetic collector, and the unadsorbed cells containing
trophoblasts were collected, washed three times, and seeded at a density of
106/ml of KGM (Clonetics Corporation, San Diego, Calif.) supplemented with
10% FCS.
Characterization of isolated trophoblast populations. The isolated tropho-

blast cells were phenotyped by flow cytometry and immunocytochemical staining
with monoclonal mouse antibodies to human cytokeratins (Dako-CK, MNF 116,
and 35BH11; Dako A/S, Glostrup, Denmark), which stain only the trophoblasts
within the placental villi; antibody to the epithelium-specific cell-cell adhesion
molecule E-cadherin (HECD-1; Takara Shuzo Co., Shiga, Japan), which also
stains only trophoblasts in the placenta (8); anti-CD9, which stains placental
mesenchymal cells; placental macrophages, and blood monocytes but not tro-
phoblasts (26, 34); and antibody to porcine vimentin and anti-CD68 (a macro-
phage marker). The trophoblast cultures were further characterized by their
secretion of chorionic gonadotropin hormone and placental lactogen.
To further characterize the cells isolated from the different trophoblast pop-

ulations, cultured cells were stained or analyzed for the expression of integrins by
Western blotting (immunoblotting) with antibodies to integrins a1 (VLA-1), a3,
and a5 and the vitronectin receptor (integrin aVb3/b5) (Gibco BRL, Life Tech-
nologies Inc., Gaithersburg, Md.) and also anti-human HLA class 1 antibodies
(W6/32; Dako A/S) which are expressed by extravillous trophoblasts but not
villous trophoblasts. Villous trophoblast and syncytiotrophoblast cultures were
further characterized by their expression of a6 and b4 integrin subunits (1, 15)
and NDOG1 (4), respectively.
Immunocytochemical staining of trophoblast cells. Cultured trophoblast cells

(cells that were used 15 to 20 h after isolation or that were established for 5 to
10 passages) that were tested for their positivity to cytokeratin were washed three
times with s-PBS and were fixed in 99.9% ethanol for 10 min at room temper-
ature. Nonspecific immunoglobulin binding sites were blocked by a 20-min pre-
incubation with rabbit serum diluted in s-PBS. The fixed cultures were preincu-
bated in 3% hydrogen peroxide in s-PBS for 10 min to quench endogenous
peroxidase activity, washed three times with s-PBS, and incubated for 1 h at room
temperature with the following primary antibodies: anti-cytokeratin (Dako-CK,
MNF 116, and 35BH11; 1:100; Dako A/S), anti-E-cadherin (1:100), anti-vimentin
(1:20; Dako A/S), anti-major histocompatibility complex (anti-MHC) class 1,
W6/32 (1:50; Dako A/S), NDOG1 (1:10; Serotec, Kidlington, United Kingdom),
(anti-human placental lactogen (anti-hPL; 1:10; Dako A/S), antibody to the
integrin a6 subunit (1:50; VLA-6, clone GoH3, CD49f; Serotec), and anti-CD9
(1:100). The cultures were washed three times with s-PBS and were incubated in
peroxidase-labelled anti-mouse or anti-rat antibodies (1:40 dilution in s-PBS) for
30 min at room temperature. The reaction was visualized by using diaminoben-
zidine solution containing hydrogen peroxide in PBS for 10 min and was stopped
by washing several times with sterile water. Positive stains gave a red color, and
photographs were taken with an Olympus inverted photomicroscope.
Western blot analysis. In order to confirm the identification of the isolated

cells as trophoblasts and to classify them as villous or extravillous subpopulations,
in addition to immunocytochemical staining with cytokeratin, E-cadherin, and
integrins, we further performed Western immunoblot analysis on the respective
samples, as follows.
(i) Cytokeratin. Trophoblast cells were removed from culture bottles by lightly

scraping, and the cells were washed three times with s-PBS. Proteins were

extracted from cultures of individual trophoblast populations by boiling for 10
min in lysis buffer (50 mM Tris-HCl [pH 7.4], 4 mM EDTA, 2 mM phenylm-
ethylsulfonyl fluoride, 5 mg of antipain [Sigma Chemical Co., St. Louis, Mo.], per
ml, 5 mg of pepstatin [Sigma] per ml, 10 mM dithiothreitol, 1% sodium dodecyl
sulfate [SDS]) and the resultant suspensions were centrifuged at 10,000 3 g for
20 min at 48C. A total of 20 ml of each supernatant fraction was mixed with
sample buffer, and each fraction was separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE; 12% acrylamide) as described by Laemmli (18). The sepa-
rated proteins were transferred electrophoretically onto polyvinylidene difluo-
ride (PVDF) membranes. The PVDF membranes were blocked in 5% nonfat
milk in PBS for 1 h. After incubation of the membrane with a 1:200 dilution of
anticytokeratin antibody (clones 116, 35bH11, and OV-TL 12/30; Dako A/S) for
1 h, the membrane was then washed three times, incubated for 1 h with a 1:10,000
dilution of goat anti-mouse immunoglobulin G biotinylated whole antibody, and
further incubated for 45 min with a 1:10,000 dilution of streptavidin-biotinylated
peroxidase complex. The bands were visualized by enhanced chemiluminescence
detection (Amersham) according to the manufacturer’s instructions.
(ii) E-cadherin. Trophoblast cells, which were scraped from the culture bot-

tles, were washed twice in s-PBS and were dissolved in SDS-PAGE sample
buffer, boiled for 10 min, and centrifuged at 14,000 rpm for 20 min. The resulting
cell lysates were fractionated by SDS-PAGE (8% acrylamide). After electro-
phoresis, the proteins were transferred onto a PVDF membrane, the membrane
was incubated with anti-E-cadherin (HECD-1; 1 mg/ml), and the bands were
detected by enhanced chemiluminescence detection (Amersham) as described
above.
(iii) Integrins. Trophoblast cells, identified by their positivity to cytokeratin

and E-cadherin, were gently removed by scraping them from the culture bottles
and were extracted for 20 min at 48C with 0.5% Triton X-100 in 25 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 mg of leupeptin per ml,
4 mg of pepstatin per ml, and 0.1 trypsin inhibitory unit of aprotinin per ml (all
from Sigma). After centrifugation at 14,000 3 g for 20 min, 20 ml from each
soluble cell extract was mixed with PAGE sample buffer without b-mercapto-
ethanol and the mixture was fractionated by SDS-PAGE (8% acrylamide) by the
method described by Laemmli (18) under nonreducing conditions. The sepa-
rated proteins were transferred onto PVDF membranes and were incubated with
the respective antibodies (integrin a1, a3, a5, a6, b1, or b4 or human vitronectin
receptor [integrin aVb3/b5; Gibco BRL, Life Technologies]), and the bands
were visualized by enhanced chemiluminescence detection (Amersham) as de-
scribed above.
Hormone assays. Human chorionic gonadotropin (hCG) was measured in the

culture supernatant by using the Guildhay hCG enzyme-linked immunosorbent
assay kit (Guildhay, Guildford, United Kingdom). Briefly, 50 ml of serial dilu-
tions of the culture supernatants or standards (5 to 500 IU/liter), calibrated
against the third IRP 75/537, was added in duplicate to precoated microtiter
plates. After 15 min of incubation at room temperature with the samples, the
plate was washed four times, 100 ml of alkaline phosphate-labelled monoclonal
antibody to hCG was added, and the contents were mixed gently. After an
additional 15 min of incubation at room temperature, the plate was washed again
to remove unbound labelled antibody, 100 ml of substrate reagent containing
phenolphthalein monophosphate and coenzymes in diethanolamine was added
to each well, and the plate was incubated for 15 min. The A550 was read after
stopping the reaction by the addition of sodium hydroxide and a chelating agent
in a diethanolamine buffer.
Substrate gel zymography. Isolated trophoblast cells were cultured in KGM

supplemented with 10% FCS for 24 h. The media were removed, and the cultures
were washed three times with s-PBS and were cultured for 48 h in KGM without
serum. After 48 h, the media were harvested, the numbers of trophoblast cells
were counted, and the volumes of the supernatants were normalized for cell
number. The proteases secreted into the culture supernatants were analyzed by
zymography. Briefly, a 12% polyacrylamide gel in 0.1% SDS containing 1 mg of
gelatin (Merck, Darmstadt, Germany) per ml or 2 mg of a-casein per ml and 5
mg of plasminogen (Sigma) per ml were cast at a final dimension of 80 by 85 by
0.8 mm. Cell culture supernatants (25 ml) were reconstituted in SDS-PAGE
sample buffer lacking 2-mercaptoethanol. The samples were separated on the
substrate-impregnated gels at 150 V for 2.5 h. After electrophoresis, the gels
were washed twice for 15 min in a solution of 2.5% Triton X-100 to remove the
SDS to reactivate the proteases, rinsed briefly in water, and incubated for 16 h
in PBS containing 5 mM CaCl2 at 378C. After incubation, the gels were stained
for 30 min with Coomassie brilliant blue R-250 in 10% acetic acid–40%methanol
and were destained in 10% acetic acid–40% methanol. The gels were then dried
and photographed.

RESULTS

Isolation and culture of trophoblast subpopulations. The
isolation of trophoblast subpopulations at the different tryp-
sinization times (10-min intervals) and then percoll gradient
centrifugation in most cases yielded 65 to 95% cytokeratin-
positive cells before seeding. However, the success rate of
culturing the isolated trophoblast cell populations with con-
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firmed trophoblastic characteristics (that is cytokeratin and
E-cadherin positivity) ranged between 40 and 55% after per-
coll gradient centrifugation and then the use of selective KGM.
Cultures that proved to contain ,60% cytokeratin-positive
cells after three to five passages were discarded. However,
cultures that yielded 60 to 95% cytokeratin-positive cells after
three to five passages were subjected to negative selection by
anti-CD9 immunomagnetic purification. This purification in
most cases yielded .99% cytokeratin-positive cells after five
additional passages in KGM supplemented with 10% FCS. The
success rate of obtaining purities of.99% cytokeratin-positive
cells after negative selection for anti-CD9 was .70%. The
minor problem associated with the use of negative selection for
anti-CD9 was the adhesion of some of the trophoblast cells to
the immunomagnetic beads, although they did not bind to the
antibody. In most cases this resulted in the loss of some tro-

phoblast cells during the anti-CD9 step. Isolated trophoblast
cells were identified by their expression of the epithelium-
specific antigens cytokeratin and E-cadherin.
Cytokeratin staining was used to monitor the method of

purification. For example, Fig. 1A shows a mixture of partially
isolated trophoblast cells contaminated with cytokeratin-nega-
tive cells before using negative selection for anti-CD9 to obtain
trophoblast cells. Figure 1B and C show cytokeratin-positive
cells after anti-CD9 purification and culture for three and five
passages, respectively. Immunofluorescence and immunocyto-
chemical staining of the isolated trophoblast populations re-
vealed the cultures to be negative for anti-CD68 (macrophage
marker) and anti-CD9 (mesenchymal cell marker), indicating
that the cultures were free of macrophages and other placental
cells.
Morphologic differentiation of trophoblast populations in

culture. Cultures obtained from the 10-min and the 30-min
trypsinization periods displayed distinct morphologies. The 20-
min cell fractions consisted of cell types from both the 10-min
and the 30-min fractions. Figure 2 shows the differentiation of
the 10-min trophoblast cells in culture. After 12 h of seeding,
all of the cells in the cultures were mononuclear and were
attached to the culture flask (Fig. 2A). However, at 4 days in
culture, the 10-min cell fractions appeared oval or round and
detached from the culture flasks and formed cell clumps (Fig.
2B and C). When the cell clumps were removed and further
cultured in a new culture flask, they differentiated and attached
to the culture flask (Fig. 2D and E). Figure 2E shows cytok-
eratin staining of the trophoblast cells in the 10-min fraction
when they were attached to the culture flask.

FIG. 1. Anti-CD9 immunomagnetic purification of first-trimester tropho-
blast cells. (A) Mixture of trophoblast (cytokeratin positive) and nontrophoblast
(cytokeratin negative) cells in culture at passage 5 before the purification. (B and
C) Cytokeratin-stained trophoblast cells in culture after the negative selection
for anti-CD9.

FIG. 2. Differentiation of trophoblast cells obtained from the 10-min prep-
aration in culture. (A) Mononuclear trophoblast cells 12 to 20 h after seeding. (B
and C) Floating cell clumps. (D) Differentiated and anchored trophoblast cells
(passage 5). (E) Fixed and cytokeratin-stained anchored trophoblast cells (pas-
sage 5).
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When young placental villi (5 to 10 weeks) were used for
isolation, two trophoblast subpopulations were obtained from
the 30-min preparations. Usually, pleomorphic interdigitating
cells resembling a ‘‘crazy pavement’’ contour as described pre-
viously by Loke et al. (22) were obtained (Fig. 3A and B).
These interdigitating cells proliferated and fused together, and
subculturing resulted in the elimination of the multinucleated
cells, but a fraction of these interdigitating cells differentiated
morphologically into mononuclear cells (Fig. 3C and D). Fig-
ure 3D shows cytokeratin-stained trophoblastic cells in culture
obtained from the 30-min fractions of young placentae.
On a few occasions, when the young placental villi were used

for the purification, trophoblast subpopulations with a flat-
tened appearance and copious cytoplasm were also obtained
(Fig. 4) from the 30-min preparation. These cells proliferate
very slowly and differentiate in culture to form a multinucle-
ated cell mass usually referred to as trophoblast giant cells. A
few vacuolated trophoblasts (Fig. 4E, arrow) were also identi-
fied in such preparations. Figure 4E and F show the cytokera-
tin positivity of large and flattened trophoblast cells.
When villi from older placentae (.10 weeks) were used for

isolation, mostly villous trophoblast cells were obtained in the
30-min fraction (Fig. 5). These villous trophoblast cultures
(Fig. 5A and B) differentiated to form multinucleated syncy-
tiotrophoblasts (Fig. 5C and D) with no ability to proliferate.
Characterization of isolated trophoblast cells. The cyto-

keratin positivity and E-cadherin expression by the isolated
trophoblast cells from the immunocytochemical staining were
confirmed by Western immunoblot analysis with mouse anti-
cytokeratins (Dako-CK, clones MNF 116, 35BH11, and OV-
TL 12/30) and anti-E-cadherin (HECD-1) antibodies. All of
the isolated trophoblast cells expressed cytokeratins with mo-
lecular masses of between 45 and 54 kDa (Fig. 6, arrows) and
the 120-kDa E-cadherin cell adhesion molecule (Fig. 7). How-

FIG. 3. Isolated trophoblast cells (30-min preparation) from young first-trimester placentae. The freshly isolated cells were mononuclear (A) but proliferated and
fused to form pleomorphic interdigitating cells resembling crazy pavement (B) after 5 days in culture. Further subculturing resulted in the formation of mononuclear
trophoblast cells (C) at passage 3. (D) Fixed and cytokeratin-stained trophoblast cells after passage 5 in culture.

FIG. 4. Large and flattened cytotrophoblast cells sometimes obtained from
the 30-min preparations from young first-trimester placentae. They appeared to
be mononuclear (A) 1 to 2 days after seeding but differentiated by fusion to form
a syncytial cell mass (B and C) 8 days after seeding. Further subculturing elim-
inated the syncytial cells, and mononuclear cells were obtained (D). (E and F)
Fixed and cytokeratin-stained syncytial cell mass formed 8 days after seeding
from two different preparations. (E) The arrow points to a large vacuolated
trophoblast cell that was sometimes detected in the preparations.
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ever, the extravillous trophoblast populations (as identified by
additional markers; see below) coexpressed cytokeratin and
vimentin, as determined by immunocytochemistry (data not
shown). Other placental cells such as fibroblasts, endothelial
cells and macrophages that usually contaminate the cultures
were negative for cytokeratin and E-cadherin. Therefore, cy-
tokeratin and E-cadherin proved to be the most reliable mark-
ers for the identification of isolated trophoblast cells.
The isolated trophoblast cultures were further characterized

by their surface expression of MHC class 1 molecules, inte-

grins, and NDOG1. The trophoblast population, obtained
from the 10-min trypsinization (Fig. 2), stained positive for
MHC class 1 molecules and expressed a1, a3, and a5 integrin
subunits and the vitronectin receptor (Fig. 8), whereas the
trophoblast population from the 30-min trypsinization, which
fused to form syncytiotrophoblasts (Fig. 5), expressed integrin
a6 and b4 subunits, as determined by Western immunoblot
analysis (Fig. 9) and immunocytochemistry (Figure 10) meth-
ods. The villous trophoblasts, when differentiated to form syn-
cytiotrophoblasts, stained strongly to NDOG1, whereas the
extravillous trophoblast populations stained negative. The

FIG. 5. Villous trophoblast cultures obtained from 30-min preparations when older first-trimester placentae were used for the isolation. Freshly isolated villous
trophoblasts were mononuclear (A, 12 h after seeding; and B, 24 h after seeding) but differentiated by fusion to form syncytiotrophoblasts (C and D, 4 days after
seeding). (D) Fixed and cytokeratin-stained syncytiotrophoblast cells.

FIG. 6. Western immunoblot analysis of cytokeratins (arrows) expressed by
isolated trophoblast populations. Lanes 1 and 2, cytokeratins expressed by ex-
travillous trophoblasts from the cell clumps and the anchored trophoblast cells
from the 10-min preparation, respectively (Fig. 2); lanes 3 and 4, the interdigi-
tating trophoblast cells resembling crazy pavement (Fig. 3) and villous tropho-
blasts (Fig. 5), respectively. The positions of the prestained molecular mass
standards are indicated by the bars on the left.

FIG. 7. Western immunoblot analysis of E-cadherin from isolated tropho-
blast cultures. Lane 1, expression of E-cadherin by extravillous trophoblast (10-
min preparation; Fig. 2); lane 2, interdigitating trophoblast cells resembling crazy
pavement (Fig. 3); lane 3, third-trimester villous trophoblast (positive control);
lane 4, first-trimester villous trophoblast (Fig. 5). The positions of the prestained
molecular mass standards are indicated by the bars on the left.
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crazy pavement-type trophoblast cells (Fig. 3), although clas-
sified as extravillous by staining positive for MHC class 1 mol-
ecules, did not express the integrin a1 subunit but expressed
the a3 and a5 subunit, the vitronectin receptor (Fig. 8), and
very low levels of the a6 and b4 integrin subunits (Fig. 9) when
they were analyzed by Western immunoblotting. The extravil-
lous trophoblast from the 10- and 30-min (interdigitating tro-
phoblast cells with the crazy pavement contour) expressed
higher levels of the b1 integrin subunit than the villous tro-
phoblast (Fig. 9). Table 1 provides a summary of the charac-
teristics of the isolated trophoblast cells.
Hormone production by cultured trophoblast cells. The iso-

lated trophoblast populations in culture secreted the preg-
nancy hormone hCG (Table 2). However, the levels of hCG
secretion were different among the trophoblast populations. In
short-term cultures, the intermediate extravillous trophoblast
(10-min population) secreted higher levels of hCG than the
villous trophoblasts (30-min population) and the contour-
shaped trophoblasts (30-min population) (Table 2). When the
extravillous trophoblast cells (10-min fractions) were cultured
for 21 days after seeding, the level of hCG secretion was
reduced significantly below 5% (data not shown).
Protease secretion by trophoblast populations. The isolated

and cultured trophoblasts secreted gelatinases (with molecular

masses of between 72 and 300 kDa) and plasminogen activator,
as determined by substrate gel zymography in polyacrylamide
gels impregnated with either gelatin or casein (in the presence
of plasminogen). The first-trimester extravillous trophoblasts
(from the 10-min preparation [Fig. 2]) secreted mostly the 72-
and 92-kDa gelatin-degrading metalloproteases (Fig. 11A,
lanes 1 and 2). The contour-shaped cells (from the 30-min
preparation [Fig. 3]) and the villous trophoblast (from the
30-min preparation [Fig. 5]) secreted predominantly the 72-
kDa gelatin-degrading metalloprotease and a minor amount of
the 92-kDa gelatin-degrading metalloprotease (Fig. 11A, lanes
3 and 4). All of the trophoblast populations secreted plasmin-
ogen activator with a molecular mass of 52 kDa, as evaluated
by gel zymography (Fig. 11B).

DISCUSSION

In recent years, much attention has been focused on the
study of trophoblasts in vivo and in vitro, because little is yet
known about the factors that control trophoblast proliferation,
differentiation, immunology, virology, cytokenesis, and inva-
siveness. For in vitro studies, the use of highly purified tropho-
blast cells is a prerequisite, and therefore, several methods for
the isolation and characterization of specific trophoblast pop-

FIG. 8. Western immunoblot analysis of integrins a1 (A), a3 (B), and a5 and b1 (arrows) (C) and the vitronectin receptor (av and b3; arrows) (D) by extravillous
trophoblasts. Lanes 1, integrins expressed by extravillous trophoblasts (10-min preparation; Fig. 2); lanes 2, interdigitating trophoblast cells resembling crazy pavement
(30-min preparation; Fig. 3); lanes 3, first-trimester villous trophoblasts (30-min preparation; Fig. 5). The positions of the prestained molecular mass standards are
indicated by the bars on the left.

FIG. 9. Western immunoblot analysis of a6 (A), b4 and a6 (arrows) (B), and b1 (C) integrin subunits by first-trimester villous and extravillous trophoblasts. Lanes
1, integrins expressed by extravillous trophoblasts (10-min preparation; Fig. 2); lanes 2, interdigitating trophoblast cells resembling crazy pavement (30-min preparation;
Fig. 3); lanes 3, first-trimester villous trophoblasts (30-min preparation; Fig. 5). The positions of the prestained molecular mass standards are indicated by the bars on
the left.
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ulation have been reported (13, 23, 33). The differential ex-
pression of MHC class 1 (7) and CD9 (26, 34) molecules on
specific placental cells has been used to isolate and character-
ize villous trophoblasts from term placentas. The method re-
ported here uses sequential enzymatic dissociation and, in
some cases, sequential enzymatic dissociation together with
negative selection with anti-CD9 coupled to magnetic beads
for the isolation of trophoblast populations. The use of sequen-
tial enzymatic dissociation as the first step enables the sequen-

tial dissociation of villous and extravillous trophoblasts in a
stepwise manner from the first-trimester placenta. However,
the type of trophoblast populations isolated by this method
depends on the age of the placenta and the time of trypsiniza-
tion.
For the identification of isolated trophoblasts, we found

cytokeratin and E-cadherin which are specifically expressed by
the trophoblast cells in situ to be the best markers. However,
the differentiation between villous and extravillous trophoblast
populations was based on the fact that they vary in their levels
of expression of cell surface proteins such as integrins, MHC
class 1 molecules, and hyaluronic acid (NDOG1). Villous tro-
phoblasts express high levels of a6 and b4 and low levels of b1
integrin subunits, whereas extravillous trophoblasts express
high levels of a1, a3, a5, and b1 integrin subunits, vitronectin
receptors, and MHC class 1 molecules on the cell surface. The

FIG. 10. Immunocytochemical staining of isolated trophoblast populations
by using anti-rat a6 integrin (VLA-6, GoH3). (A and B) Negative staining for
extravillous trophoblasts (from 10- and 30-min preparations). (C) Immunoper-
oxidase staining of first-trimester villous trophoblast.

TABLE 1. Summary of the markers used for identification and
characterization of trophoblast populations

Marker

Marker presencea

10-min
preparation
(first-trimester
extravillous
trophoblast)

30-min
preparation
(first-trimester,

crazy
pavement-type
trophoblast)

30-min
preparation
(first-trimester

villous
trophoblast)

Cytokeratin 11 11 11
E-cadherin (HECD-
1)

1 1 11

NDOG1 2 2 1/11b

MHC class 1 (W6/32) 1 1 2
Vimentin 1 1 2
hCG 11c 11c 11
hPL 11 1 2/11d

Integrins
a6 (clone GoH3) 2 2/1e 11
b4 (clone 3E1) 2 2/1e 11
b1 (clone P4C10) 11 11 1
a1 11 2 2
a3 11 11 2
a5 (clone p1D6) 11 11 2

Vitronectin receptor
(aVb3/b5)

11 11 2

CD68 2 2 2
CD9 2 2 2

a 1, weakly positive; 11, strongly positive; 2, negative.
bMononuclear villous trophoblasts stained weak, whereas syncytiotropho-

blasts stained very strong.
c hCG secretion in short-term cultures.
d Stained negative on mononuclear villous trophoblasts but stained strongly on

syncytiotrophoblasts.
e Undetectable by immunocytochemistry, but a weak band was detected by

Western immunoblot analysis.

TABLE 2. hCG secretion by isolated first-trimester
trophoblast populations

Day(s) in
culture

hCG secretion (U/liter)a

10-min
preparation

30-min preparation
(crazy pavement type)

30-min preparation
(villous)

1 2,226 6 144 108 6 16 228 6 22
3 7,886 6 224 654 6 48 779 6 36
5 11,150 6 280 1,000 6 64 1,370 6 78

a hCG secretion per 107 cells in culture. Data are the means 6 standard
deviations (n 5 3).
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transient expression of both classical HLA (HLA A, B, and C)
as well as nonclassical HLA (HLA G) molecules on some
extravillous trophoblast populations has been reported by oth-
ers (29). The level of expression of the nonclassical HLA mol-
ecules on the isolated trophoblast populations remains to be
determined. The use of hCG and hPL as markers for tropho-
blasts is well described in the literature (9, 16, 17, 28), but they
are not uniform in their positivity with all trophoblast subpopu-
lations in long-term cultures. Therefore, hCG, NDOG1, and
hPL may be useful for the further characterization of individ-
ual trophoblast subpopulations.
Expression of the intermediate filament protein vimentin

and reduced levels of or the loss of the cellular adhesion
protein E-cadherin have been reported to be associated with
the increased invasiveness of some cancer cell lines of epithe-
lial origin in vivo and in vitro (3, 31). Villous trophoblasts
express high levels of E-cadherin but do not express vimentin,
whereas the extravillous trophoblast populations express vi-
mentin and lower levels of E-cadherin in vitro, a characteristic
similar to that of some invasive cancer cells of epithelial origin.
It has also been reported that E-cadherin function is required
for the formation of the trophectoderm. In situ staining has
shown strong staining of E-cadherin in villous trophoblast cells
(nonpolarized trophoblasts) and weak staining in the invading
extravillous trophoblast cells (5, 6, 30). Our data showing the
decreased levels of expression of E-cadherin in the isolated
extravillous trophoblast cells is consistent with reports of re-
duced levels of E-cadherin expression in some invasive tumor
cells of epithelial origin.
Coexpression of cytokeratin and vimentin expression by ex-

travillous trophoblast populations was reported earlier by Loke
and Butterworth (21). Furthermore, cytokeratin and vimentin
expression has been reported in cultured epithelial cell lines
(32) and also in human metastatic carcinoma cells (25, 27). It

has therefore been proposed that vimentin expression occurs
after a cell detaches from its epithelial sheets (19) and may
influence both mitotic activity and motility and thus might
affect the invasive property of a particular cell. Vimentin ex-
pression by the isolated extravillous trophoblast cells might
therefore be significant with regard to their invasive properties.
The isolated trophoblast populations secreted metallopro-

teinases, such as the 72- and the 92-kDa gelatinases and the
52-kDa plasminogen activator. The extravillous trophoblast
population (from the 10-min preparation) predominantly se-
creted the 92-kDa gelatinase, whereas the villous trophoblasts
and the crazy pavement-type trophoblasts mainly secreted the
72-kDa gelatinase. Of these metalloproteinases, the 92-kDa
gelatinase has been reported (20) to regulate the invasive prop-
erties of extravillous trophoblasts. The various levels of secre-
tion of the 92-kDa gelatinase by the isolated trophoblast pop-
ulations probably suggests a difference in the invasive capacities
of the cells. Ongoing characterization may reveal such proper-
ties.
The acquisition of motility and invasiveness by epithelial

cells have been reported (24) to correlate with dramatic
changes in the state of differentiation: migrating cells acquire
mesenchymal properties, for example, downregulation of a6
and b4 subunits and upregulation of the expression of integrin
a1b1 and a5b1 complexes. Such profound changes are also
observed during cytotrophoblast differentiation to form the
invasive phenotype. Our results showed that isolated villous
trophoblasts in vitro express a6 and b4 integrin subunits and
reduced levels of b1 integrin subunits, which is characteristic of
polarized epithelial cells in contact with the basement mem-
brane, whereas the extravillous trophoblast population ex-
presses mesenchymal-type integrins a1, a3, and a5, high levels
of b1, and vitronectin receptors, as has also been reported by
others (5, 13) and which has been postulated to regulate tro-
phoblast migration and invasion (5, 12). The availability of the
reported method for the simultaneous isolation of the individ-
ual trophoblast subpopulations should facilitate ongoing in
vitro studies of trophoblast proliferation, differentiation, mi-
gration, and invasion and how these events differ from those of
malignant cells.
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