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Abstract

 

During normal human pregnancy a subpopulation of fetal
cytotrophoblast stem cells differentiate and invade the uterus
and its arterioles. In the pregnancy disease preeclampsia,
cytotrophoblast differentiation is abnormal and invasion is
shallow. Thus, the placenta is relatively hypoxic. We inves-
tigated whether lowering oxygen tension affects cytotropho-
blast differentiation and invasion. Previously we showed
that when early gestation cytotrophoblast stem cells are cul-
tured under standard conditions (20% O

 

2

 

) they differenti-
ate/invade, replicating many aspects of the in vivo process.
Specifically, the cells proliferate at a low rate and rapidly
invade extracellular matrix (ECM) substrates, a phenome-
non that requires switching their repertoire of integrin cell–
ECM receptors, which are stage-specific antigens that mark
specific transitions in the differentiation process. In this
study we found that lowering oxygen tension to 2% did not
change many of the cells’ basic processes. However, there
was a marked increase in their incorporation of [

 

3

 

H]thymi-
dine and 5-bromo-2

 

9

 

-deoxyuridine (BrdU). Moreover, they
failed to invade ECM substrates, due at least in part to their
inability to completely switch their integrin repertoire.
These changes mimic many of the alterations in cytotropho-
blast differentiation/invasion that occur in preeclampsia,
suggesting that oxygen tension plays an important role in
regulating these processes in vivo. (

 

J. Clin. Invest. 

 

1996. 97:
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Introduction

 

Normal development of the placenta depends on differentia-
tion of its specialized epithelial cells, termed trophoblasts (re-
viewed in 1, 2). Human cytotrophoblast stem cells follow one
of two differentiation pathways. Those in floating villi detach
from their basement membrane and fuse to form a syncytial
layer that is in direct contact with maternal blood. These syn-
cytiotrophoblasts play an important role in nutrient, waste,
and gas exchange. In anchoring villi, cytotrophoblasts also

fuse, but at specific locations many aggregate and form col-
umns of mononuclear cells that attach to and then invade the
decidualized endometrium and the first third of the myo-
metrium (interstitial invasion), as well as the associated por-
tions of uterine (spiral) arterioles (endovascular invasion). Cy-
totrophoblast invasion anchors the fetus to the mother and
creates the large-diameter, low-resistance vessels that carry
blood to the floating villi at the maternal–fetal interface.

We and others have used two approaches to study the dif-
ferentiation process that results in human cytotrophoblast in-
vasion of the uterus. First, analysis of tissue sections that con-
tain both floating and anchoring villi allows descriptive studies
of cytotrophoblast protein and RNA expression in vivo (3, 4).
Second, we discovered that removing early gestation cytotro-
phoblast stem cells from their basement membranes and plat-
ing them on extracellular matrices (ECMs)

 

1

 

 reprograms their
fate such that they differentiate along the invasive pathway,
rather than fuse to form syncytium (5–10). This in vitro model
can be used to study mechanisms involved in the invasion pro-
cess.

By using this combination of approaches, we showed that
human cytotrophoblast invasion is accompanied by a reduc-
tion in the cells’ proliferative capacity and requires the regu-
lated expression of either proteinases or adhesion molecules.
As they acquire an invasive phenotype, cytotrophoblasts pro-
duce and activate the 92-kD type IV collagenase, matrix met-
alloproteinase 9 (5). They also switch their repertoire of inte-
grin cell–ECM adhesion receptors (3). In the first trimester
human placenta, 

 

a

 

6 integrins (laminin receptors) are localized
primarily to cytotrophoblast stem cells, and their expression is
downregulated during invasion. In contrast, the expression of
integrins 

 

a

 

5

 

b

 

1 (fibronectin receptor) and 

 

a

 

1

 

b

 

1 (receptor for
collagens I and IV and laminin) is sequentially upregulated in
differentiating and invading cytotrophoblasts. By using re-
agents that specifically inhibit either matrix metalloprotein-
ase-9 or cytotrophoblast integrin functions, we showed that
matrix metalloproteinase-9 and 

 

a

 

1

 

b

 

1 promote invasion in
vitro, whereas 

 

a

 

5

 

b

 

1 integrin inhibits this process (6, 7, 9).
Thus, a balance between forces that promote or inhibit inva-
sion is critical to placentation.

We have been interested in diseases of pregnancy that are
associated with abnormal placentation as a means of under-
standing the in vivo relevance of our in vitro function pertur-
bation experiments. Preeclampsia, which affects 7–10% of all
first-time pregnancies (reviewed in reference 11), is one such
syndrome. Compared with normal pregnancy, cytotropho-
blasts in preeclampsia show an increased ability to proliferate
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(12). In addition, invasion is shallow and fewer arterioles are
breached, an important factor with regard to the reduction in
uteroplacental blood flow observed in this syndrome (13).
How abnormal placentation translates into the clinical pre-
sentation of the disease, which includes fetal intrauterine
growth retardation and maternal hypertension and pro-
teinuria, is not yet clear (11, 14). However, work from our lab-
oratory showed that lack of invasion is associated with specific
alterations in the cytotrophoblasts’ ability to differentiate.
They express integrin 

 

a

 

5

 

b

 

1 but not 

 

a

 

1

 

b

 

1 (15, 16), an adhesive
phenotype which our in vitro experiments predict would re-
strain invasion.

Together, these results suggest that oxygen tension could
regulate the cytotrophoblasts’ ability to differentiate and, as a
consequence, to express proteins that are critical to the inva-
sion process. In mammalian cells that have been studied in this
context (e.g., endothelial cells, tumor spheroids) hypoxia up-
regulates the expression of stress (oxygen-regulated proteins),
heat shock, and glucose-regulated proteins, as well as cyto-
kines and growth factors (17–21). These include erythropoietin
(22, 23), PDGF B chain (24), endothelin (25), IL-1

 

a

 

 (26), IL-8
(27), ornithine decarboxylase (28), vascular endothelial growth
factor (29), glyceraldehyde-3-phosphate dehydrogenase (30),
xanthine dehydrogenase/xanthine oxidase (31), and metal-
lothionein IIA (32).

The 

 

cis

 

-acting DNA sequences and the 

 

trans

 

-acting tran-
scription factors that regulate the expression of these hypoxia-
induced proteins are beginning to be elucidated. For example,
hypoxia-inducible factor 1, a nuclear protein whose DNA-
binding activity is induced in hypoxia, upregulates erythropoietin
production by binding to an enhancer element (5

 

9

 

-TAC-
GTGCT-3

 

9

 

) in the 3

 

9

 

 region of this gene (33, 34). Hypoxia-
inducible factor 1 also induces transcription of glycolytic en-
zymes, which are important to the cells’ ability to switch from
aerobic respiration to glycolysis for energy production (35).
The expression and/or activity of several other transcription
factors, including Fos and Jun (components of the AP-1 com-
plex; 36), nuclear factor 

 

k

 

B (37), and the heat shock transcrip-
tion factor (38), also increase in hypoxia.

These studies suggest that hypoxia can specifically alter a
cell’s gene expression and protein repertoire. Here we report
the results of experiments in which we analyzed the effects of
varying the oxygen content of the culture atmosphere on dif-
ferentiation/invasion of early gestation cytotrophoblasts in
vitro. The impetus for these experiments was the dramatic
changes in oxygen content of the placental environment that
normally occur during early gestation. Namely, before the
tenth week of pregnancy there is little blood flow to the inter-
villous space, due to the fact that cytotrophoblast invasion is
largely interstitial, rather than endovascular. As a result, the
placenta proper is relatively hypoxic. Rodesch et al. (39) used
a polarographic oxygen electrode to show that the mean oxy-
gen pressure of the intervillous space is 17.9

 

6

 

(SD) 6.9 mmHg
at 8–10 wk gestation as compared with 39.6

 

6

 

12.3 in the en-
dometrium. By 12–13 wk the oxygen pressure in the intervil-
lous space is 60.7

 

6

 

8.5 mmHg, a reflection of the fact that cy-
totrophoblasts are beginning to substantially remodel the
spiral arterioles. Consequently, blood flow to the intervillous
space increases dramatically. Presumably the most invasive cy-
totrophoblasts, e.g., those that line these arterioles, are ex-
posed to oxygen concentrations similar to those of arterial
blood (95–100 mmHg).

Preeclampsia is associated with failure of cytotrophoblasts
to invade the spiral arterioles (15). We hypothesized that in
this disease the events that normally take place during the first
trimester of pregnancy, which convert the maternal–fetal in-
terface from a relatively hypoxic environment to one that is
relatively well oxygenated, fail to occur. Consequently, cy-
totrophoblast stem cells remain in a relatively hypoxic envi-
ronment. We were interested in determining whether this
could affect the cells’ ability to differentiate, a prerequisite for
invasion. Our findings suggest this is the case. Specifically, we
found that hypoxia affects progression of cytotrophoblasts
through the cell cycle. In addition, their invasiveness is greatly
reduced due at least in part to alterations in integrin cell–ECM
receptor expression. Together, these results suggest that hy-
poxia alters the balance between proliferation and differentia-
tion of cytotrophoblasts and initiates a feedback mechanism
that inhibits their differentiation and invasion, thus setting the
stage for later pregnancy complications such as preeclampsia.

 

Methods

 

Cytotrophoblast isolation and culture.

 

Placentas were obtained im-
mediately after first (10–12 wk) and second (16–24 wk) trimester ter-
minations. Cytotrophoblasts were isolated from pools of multiple pla-
centas by published methods (6). In all cases, remaining leukocytes
were removed by using an antibody to CD-45, a protein tyrosine
phosphatase found on bone marrow–derived cells (40), coupled to
magnetic beads. Previous work from this laboratory showed that this
method removes contaminating nontrophoblast cells, as demon-
strated by the absence of classical HLA class I antigens (41). The re-
sulting cells were plated on Matrigel-coated substrates (Collaborative
Biomedical Products, Bedford, MA) and cultured in DME H21
MEM containing 2% Nutridoma (Boehringer Mannheim Biochemi-
cals, Indianapolis, IN) and 50 

 

m

 

g/ml gentamicin (6).
Cytotrophoblasts were either maintained under standard tissue

culture conditions (5% CO

 

2

 

/95% air) or placed in a Bactron anaero-
bic incubator (Sheldon Manufacturing Inc., Cornelius, OR) where
they were maintained in a 2% O

 

2

 

/93% N

 

2

 

/5% CO

 

2

 

 environment. The
incubator was located inside a chamber that allowed manipulation of
the cells in the same atmosphere. In experiments in which we used
three different concentrations of oxygen (2, 8, and 20%), cells main-
tained in 8% oxygen were cultured in a Modular incubator chamber
(Billups-Rothenberg, Del Mar, CA). The chamber was filled with a
mixture of O

 

2

 

, N

 

2

 

, and CO

 

2

 

 to achieve a final oxygen concentration of
8% and a final CO

 

2

 

 concentration of 5%. Dissolved O

 

2

 

 at the cell-
medium interface, measured using microoxygen electrodes (MI-730;
Microelectrode Inc., Londonderry, NH), was 20% (98 mmHg) under
standard tissue culture conditions, 8% in the Modular incubator
chamber (56 mmHg), and 2% (14 mmHg) in the Bactron anaerobic
incubator.

 

Assaying the effects of hypoxia on cytotrophoblast protein synthe-
sis, glucose metabolism, and hormone secretion.

 

Cytotrophoblasts
(10

 

6

 

) were plated in 16-mm Matrigel-coated tissue culture wells (6).
Routinely, the cells were maintained in either 2 or 20% oxygen.
When indicated, the cells were also incubated in an 8% oxygen atmo-
sphere.

Incorporation of [

 

35

 

S]methionine/cysteine into cellular and se-
creted proteins was quantified as follows. Unless otherwise indicated,
all reagents were obtained from Sigma Chemical Co., St. Louis, MO.
Cytotrophoblasts were cultured for 12 h on Matrigel substrates. Then
they were washed three times with methionine-free DME, after
which they were cultured for an additional 12 h in 1 ml of the same
medium containing 100 

 

m

 

Ci of a mixture of [

 

35

 

S]methionine and
[

 

35

 

S]cysteine (1175 Ci/mmol; New England Nuclear; Wilmington,
DE). At the end of the labeling period the cells were washed twice
with 1 ml fresh DME, then detached from the Matrigel and dispersed
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by treatment with Dispase (0.5 ml/well; Collaborative Biomedical
Products). After 2 h at 37

 

8

 

C the enzymatic activity was stopped by
adding 1 ml of 5 mM EDTA. Cytotrophoblasts were washed three
times by centrifugation (800 

 

g

 

, 5 min), resuspended in 1 ml Ca

 

2

 

1

 

-,
Mg

 

2

 

1

 

-free PBS, and the number of cells was counted in a hemocy-
tometer. Then the cytotrophoblasts were again pelleted by centrifu-
gation and resuspended (10

 

6

 

 cells/100 

 

m

 

l) in lysis buffer (PBS contain-
ing 1% Triton X-100, 1 mM PMSF, 5 

 

m

 

g/ml DNase I, 5 

 

m

 

g/ml RNase A,
5 mM MgCl

 

2

 

, 5 

 

m

 

g/ml leupeptin, 20 

 

m

 

g/ml aprotinin, and 5 

 

m

 

g/ml soy-
bean trypsin inhibitor). Aliquots (3 

 

3

 

 100 

 

m

 

l) of cell lysate were pre-
cipitated with 100 

 

m

 

l of ice-cold 20% TCA for 20 min at 4

 

8

 

C. The re-
sulting suspensions were collected by vacuum filtration onto glass
microfiber disks. The disks were washed twice with 5 ml ice-cold 10%
TCA and once with 5 ml 100% ethanol, then transferred to vials con-
taining scintillation cocktail (Ultima-gold; Packard Instruments,
Meriden, CT), and radioactivity was determined using a LS1701
counter (Beckman Instruments Inc., Brea, CA). The conditioned me-
dium (100 

 

m

 

l) was frozen until it was subjected to TCA precipitation
in parallel with the cell pellet. Cells and medium from three replicate
cultures established from each of five separate cell isolation proce-
dures were analyzed.

The amount of glucose and lactate in conditioned medium from
cells cultured for 72 h was determined enzymatically using commer-
cial glucose oxidase and lactate dehydrogenase assay kits (Sigma).
Values were calculated as the difference between glucose and lactate
in conditioned medium and fresh culture medium. Culture medium
from three replicate cultures established from each of 10 separate cell
isolation procedures was analyzed. 

Cytotrophoblast secretion of human chorionic gonadotropin
(hCG) and human placental lactogen (hPL) during the first 72 h of
culture was measured by competition ELISA. Wells of ELISA plates
(Dynatech Laboratories Inc., Chantilly, VA) were coated with anti-
gen by adding 100 

 

m

 

l of a stock solution of either hPL (bicarbonate
buffer, pH 9.5) or 

 

b

 

hCG (1 

 

m

 

g/ml PBS) and incubating overnight at
4

 

8

 

C. Both hormones were obtained from Sigma. Routinely, 75 

 

m

 

l of
medium was transferred to cluster tubes, and then an equal volume of
antibodies diluted in PBS containing 0.05% Tween-20 and 1% nonfat
dried milk (PBST) was added. The mouse monoclonal anti-hPL anti-
body (INN hPL5, Harlan Bioproducts for Science, Indianapolis, IN)
was used at a dilution of 1:13,000 (vol/vol) and the rabbit polyclonal
anti-

 

b

 

hCG antibody (Hycor Biomedical Inc., Irvine, CA) at a dilu-
tion of 1:10,000 (vol/vol). Then the samples were incubated at 37

 

8

 

C
for 1 h. Just before the start of the assay, the ELISA plates were
blocked by incubating for at least 45 min in 100 

 

m

 

l PBST. Then the
wells were rinsed once with PBST and emptied, after which 100 

 

m

 

l of
the medium–antibody mixture was transferred to each well. The sam-
ples were incubated for 2 h and washed five times with PBST. Then
100 

 

m

 

l of a solution of peroxidase-conjugated secondary antibody
(goat anti–mouse for hPL, 1:1000 [vol/vol] in PBST; goat anti–rabbit
for 

 

b

 

hCG, 1:3000 [vol/vol] in PBST; both obtained from Jackson Im-
munoResearch Laboratories, Inc., West Grove, PA) was added and
the samples were incubated for an additional 1 h. After extensive
washing with PBST, 100 

 

m

 

l of a 5 mg/ml solution of 

 

o

 

-phenylenedi-
amine substrate in 85 mM citrate buffer was added to each well. The
samples were incubated in the dark for 10 min to allow color develop-
ment. The reaction was stopped by adding 50 

 

m

 

l 4 N H

 

2

 

SO

 

4

 

 to each
well. A

 

490

 

 was determined, and data were generated by four-parame-
ter curve analysis using a reference preparation of either hPL (World
Health Organization [WHO], NIBSC 75/545) or 

 

b

 

hCG (WHO, 1st
IRP 75/551). The standard curves covered six dilutions; 3–100 ng for
hPL and 5–160 mIU/ml for 

 

b

 

hCG. Culture medium from three repli-
cate cultures established from each of five separate cell isolation pro-
cedures was analyzed.

 

Assaying the effects of hypoxia on cytotrophoblast DNA syn-
thesis.

 

DNA synthesis was assayed in two ways. First, cytotrophoblasts
(10

 

6

 

) from 10–12 wk placentas were plated in 16-mm Matrigel-coated
tissue culture wells (6) in either a 2 or a 20% oxygen atmosphere. Af-
ter 48 h, medium containing 5 

 

m

 

Ci/ml [

 

3

 

H]thymidine (44 Ci/mM; Am-

ersham Corp., Arlington Heights, IL) was added. After 72 h the me-
dium was aspirated. The cells were washed three times with 2 ml PBS
containing unlabeled thymidine (5 

 

m

 

g/ml), treated with Dispase, and
lysed. Radioactivity was measured after TCA precipitation as de-
scribed above. Cells and medium from three replicate cultures pre-
pared from each of three separate isolation procedures were ana-
lyzed.

Second, cytotrophoblasts (2.5 

 

3

 

 10

 

5

 

) isolated from two separate
pools of 10–12 wk gestation placentas were cultured on Matrigel-
coated filters for 48 h in either a 2, an 8, or a 20% oxygen environ-
ment. The culture medium was aspirated, and medium containing
1 

 

m

 

M of the thymidine analogue, 5-bromo-2

 

9

 

-deoxyuridine (BrdU;
Sigma Chemical Co.), was added. After 24 h the experiment was ter-
minated. The filters were washed 2

 

3

 

 for 20 min in PBS, fixed in 3%
paraformaldehyde for 1 h at 4

 

8

 

C, washed again in PBS (3

 

3

 

, 10 min),
and permeabilized in cold methanol for 10 min. After rinsing in PBS
(3

 

3

 

, 20 min) they were incubated with a fluorescein-labeled anti-BrdU
antibody according to the manufacturer’s directions (Boehringer
Mannheim Biochemicals). To verify that cells were cytotrophoblasts,
the filters were rinsed again in PBS (3

 

3

 

, 10 min), incubated overnight
with a rat anticytokeratin mAb (7D3; 3), and immunoreactivity was
detected using a goat anti–rat IgG mAb conjugated to Texas red
(Jackson ImmunoResearch Laboratories Inc.). Filters were dissected
from the inserts with a scalpel blade and mounted on polylysine-
coated slides in a drop of mounting medium such that the top of the
filter faced upward. The percentage of cytokeratin-positive cells that
incorporated BrdU was determined by examining 500 cells from five
randomly selected areas of each filter. Two filters were analyzed from
each experimental group. 

 

Invasion assays.

 

Two assays were used. First, cytotrophoblasts
were cultured with decidual explants. Briefly, portions of the decidua
parietalis, which does not contain cytotrophoblasts before culture,
were obtained at the time of pregnancy termination (10–12 wk). The
tissue was washed three times in ice-cold PBS and cut into 2-mm

 

3

 

pieces. After washing another three times, five decidual pieces in 500

 

m

 

l medium (DME /2% Nutridoma) were plated on each of several
Millicel inserts (12-mm diameter; Millipore Corp., Bedford, MA)
coated with 200 

 

m

 

l Matrigel. The inserts were transferred to 16-mm
culture dishes containing 600 

 

m

 

l medium and incubated for 6 h, the
amount of time required for the explants to attach to the ECM sub-
strate. Then the medium was aspirated from the upper chamber, and
5 

 

3

 

 10

 

5

 

 cytotrophoblasts in 500 

 

m

 

l of medium was added. The cultures
were maintained for up to 4 d, and medium was changed daily. At
various time points (24, 48, 72, and 96 h) the samples were fixed in
3% paraformaldehyde for 40 min, washed three times in PBS (4

 

8

 

C, 10
min), infiltrated with sucrose, embedded in OCT (Miles Scientific,
Naperville, IL), and frozen in liquid nitrogen. Sections (6 

 

m

 

m) were
cut using a cryostat (Slee International Inc., Tiverton, RI) and col-
lected on poly-

 

L

 

-lysine–coated microscope slides. The sections were
incubated for 1 h with primary anticytokeratin antibody (7D3), which
reacts with cytotrophoblasts but not other villous components, di-
luted 1:100 (vol/vol) in PBS. Then they were rinsed in PBS (three
times for 10 min) and incubated for 30 min with rhodamine-conju-
gated goat anti–rat IgG (Jackson ImmunoResearch Laboratories,
Inc.) diluted 1:100 (vol/vol) in PBS. The samples were examined us-
ing a confocal microscope (600; Bio-Rad Laboratories, Richmond,
CA). Three explants from each of five separate isolation procedures
were analyzed.

Second, to quantify invasion, cytotrophoblasts (2 

 

3

 

 10

 

5

 

) were cul-
tured in Matrigel-coated Transwell inserts (6.5 mm; Costar Corp.)
containing polycarbonate filters with 8-

 

m

 

m pores (6) in either a 2 or a
20% oxygen atmosphere. After 72 h the cultures were rinsed in PBS,
fixed, and stained with anticytokeratin antibodies as described above.
To assay invasion the filters were dissected from the inserts with a
scalpel blade and mounted on poly-

 

L

 

-lysine–coated slides in a drop of
mounting medium such that the underside of the filters faced upward.
Serial optical sections (1 

 

m

 

m) that included the upper (Matrigel-
coated) and lower filter surfaces, as well as the pores that connected
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them, were obtained by using confocal microscopy. The number of
cytokeratin-positive cell processes that penetrated the Matrigel and
appeared on the underside of the filters was counted. Three filters
were used for each experimental group. The total number of filters
analyzed for cells in each gestational age group is summarized in Fig.
4. In additional experiments cytotrophoblasts were cultured in a 2, an
8, and a 20% oxygen atmosphere. The total number of filters ana-
lyzed in each experimental group is summarized in Fig. 5.

 

Statistical analyses.

 

Statistical significance of the data was tested
using Student’s paired 

 

t

 

 test. Results were considered significant at
the 0.05 level.

 

Immunofluorescence localization.

 

Tissue samples of the normal
and preeclamptic placental bed were obtained as previously described
(3, 15). The methods we used to fix the samples and to detect cytoker-
atin-positive cytotrophoblasts have also been described (3, 15).

Integrin and ECM expression by cultured cytotrophoblasts was
analyzed by confocal microscopy. The cells were fixed and processed
as described above. In all cases the cells were double stained with ei-
ther antiintegrin (

 

a

 

5, 

 

a

 

1, 

 

b

 

1) or anti-ECM (collagen IV and fibronec-
tin) antibodies and antibodies that detect cytokeratin as described
previously (3, 5, 9). The samples were analyzed by using dual channel
fluorescence imaging.

 

Results

 

Many cytotrophoblast cellular processes were not affected by
hypoxia.

 

Initial experiments suggested, based on the cell’s
morphology, that culturing cytotrophoblasts for 72 h in 2% O

 

2

 

(comparable to the oxygen concentration at the intervillous
space at 8–10 wk gestation) had no obvious negative effects.
To confirm this impression we assayed the cells’ ability to ex-
clude Trypan blue. In a 20% O

 

2

 

 atmosphere 93.5

 

63.8% of all
the cells (attached and unattached; see below) excluded this
dye, as compared with 93.566.4% of the cells cultured in a 2%
O2 atmosphere.

We also assayed several parameters that reflected both
generalized and specialized aspects of the cells’ functions (Ta-
ble I). As to the general state of the cells, those cultured in 20
or 2% oxygen incorporated nearly identical amounts of
[35S]methionine/cysteine into proteins. Likewise, they secreted
comparable amounts of TCA-precipitable, 35S-labeled pro-
teins into the culture medium. Recent experiments in which
we analyzed, by using 2-D gel analyses, the effects of hypoxia

on cytotrophoblast production of individual 14C-labeled pro-
teins substantiated these results (data not shown). Of the z 200
spots seen on the gels, the intensity of only 10 changed (7 up-
regulated, 3 downregulated [Falk, R., and S. J. Fisher, manu-
script in preparation]). Similarly, there were no significant dif-
ferences in either glucose uptake or lactate production by cells
maintained under the two culture conditions. As to specialized
cytotrophoblast functions, we assayed the effects of hypoxia
on hormone release. Secretion of neither human chorionic go-
nadotropin nor human placental lactogen changed in response
to lowering oxygen tension.

Hypoxia stimulates cytotrophoblast incorporation of [3H]thy-
midine and BrdU. In many cells, differentiation is coupled
with exit from the cell cycle. Cytotrophoblast stem cells and
those that are in the initial stages of differentiation in vivo re-
act with antibodies that recognize Ki67 and proliferating cell
nuclear antigen, antigens expressed by dividing cells (42, 43),

 
Table I. The Effects of Hypoxia on Cytotrophoblast Protein Synthesis, Glucose Metabolism, Hormone Secretion, and 
[3H]thymidine Incorporation (values are means 6SE)

Oxygen content of medium

Parameter assayed 20% 2%

1 3 106 cells

35S-amino acid incorporation into TCA-precipitable protein (cpm)*
Medium (n 5 15) 0.3 3 10660.4 3 105 0.3 3 10660.3 3 105

Cell-associated (n 5 15) 1.6 3 10660.3 3 105 1.4 3 10660.2 3 105

Glucose consumption (mg)‡ (n 5 30) 2.660.4 3.160.5
Lactate production (mg)‡ (n 5 30) 5.267 4.869
hCG secretion (mIU)‡ (n 5 15) 6064.8 5865.3
hPL secretion (ng)‡ (n 5 15) 6386172 5856168
[3H]thymidine incorporation (cpm)§ (n 5 9)

8,56962,890 18,68961,479i

*Samples were collected after cytotrophoblasts were cultured for 12 h. ‡Conditioned medium was collected after cytotrophoblasts were cultured for
72 h. §Cytotrophoblasts were incubated with [3H]thymidine-containing media between 48 and 72 h of culture. iP , 0.05.

Figure 1. Culturing cy-
totrophoblasts in a 2% 
oxygen atmosphere 
produced a threefold in-
crease in their incorpo-
ration of BrdU com-
pared with control cells 
cultured in 2% oxygen 
(P , 0.01). Cells were 
isolated from two sepa-
rate pools of 10–12 wk 
gestation placentas. The 
percentage of cytokera-
tin-positive cells that in-
corporated BrdU was 
determined by examin-
ing 500 cells from five 
randomly selected ar-
eas of each filter. Two 
filters were established 
from two different iso-
lation procedures. Error 
bars show SD.
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mined whether hypoxia inhibits cytotrophoblast differentia-
tion along the invasive pathway. We assayed two endpoints:
invasive behavior (described in this section) and integrin,
stage-specific antigen expression (described in the next sec-
tion). In vivo, differentiation/invasion of cytotrophoblast stem
cells results in penetration of the uterus and its blood vessels
(3). In vitro the cells invade decidual explants or isolated
ECMs (5, 6). Here we used both of these invasion models. In
20% oxygen, interactions between cytotrophoblasts and decid-
ual explants appeared similar to those of cytotrophoblasts
invading the decidua in vivo (compare Figs. 2, A and C); elon-
gated, cytokeratin-positive cells invaded deeply into the uter-
ine tissue. In 2% oxygen, there was no change in the number
of cytotrophoblasts that attached to the explants (87.6612.4%
in 20% O2 vs. 88.569.9% in 2% O2). But most of these cells
aggregated on the tissue surface, and invasion was markedly
reduced (Fig. 2 D). In this case interactions between the fetal
and maternal cells were morphologically similar to those ob-

but those which are fully differentiated do not. To begin to un-
derstand whether hypoxia affects cytotrophoblast differentia-
tion, we determined whether lowering the oxygen tension
changes the fraction of cytotrophoblasts that enter S phase.
We found that cells cultured in 2% oxygen incorporated twice
the amount of [3H]thymidine as did those cultured in a 20%
oxygen atmosphere (Table I).

Similarly, BrdU incorporation increased approximately
threefold when 10–12 wk human cytotrophoblasts were cul-
tured in a 2%, as compared with a 20%, oxygen environment
(Fig. 1). We also studied BrdU incorporation by cytotropho-
blasts that were incubated in an 8% oxygen atmosphere, i.e.,
comparable to the oxygen content measured in the en-
dometrium during the first trimester and in the intervillous
space after 12 wk of pregnancy (39). Incorporation was virtu-
ally identical to that observed under standard tissue culture
conditions (20% O2).

Hypoxia inhibits cytotrophoblast invasion. Next, we deter-

Figure 2. Comparing human cytotrophoblast invasion in normal (A) and preeclamptic (B) pregnancies in vivo with cytotrophoblast-decidual in-
teractions in cultured explants maintained in 20% (C ) or 2% (D) oxygen. Frozen sections of the maternal–fetal interface (36 wk) were stained 
with anticytokeratin antibodies and fluorescein-conjugated secondary antibodies. In normal pregnancy (A), cytokeratin-positive cytotropho-
blasts (CTB) connected anchoring villi (AV ) to the uterus and were found throughout the decidua (DEC). In preeclampsia (B), cytotrophoblast 
invasion was limited to the superficial portion of the decidua. We compared these interactions with those occurring when purified first trimester 
human cytotrophoblasts invaded decidual explants in vitro. After 72 h the cultures were fixed, stained with anticytokeratin antibodies and fluo-
rescein-conjugated secondary antibodies, and then viewed by confocal microscopy. In a 20% oxygen atmosphere (C ), cytokeratin-positive cy-
totrophoblasts attached to and invaded the decidua. In a 2% oxygen atmosphere (D), cytotrophoblasts attached to the decidual explants, but in-
vasion was significantly reduced.
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Figure 3. Reducing oxygen tension inhibited early gesta-
tion human cytotrophoblast invasion. Cytotrophoblasts 
isolated from pools of 10–12 wk placentas were cultured 
on Matrigel-coated (10066 mm) Transwell filters. After 
24, 48, 72, or 96 h the cultures were fixed and stained with 
anticytokeratin antibodies. The filters were removed from 
the inserts, inverted onto microscope slides and examined 
using a confocal microscope. We viewed 1-mm sections 
that were parallel to the membrane. The area we exam-
ined (50 mm total) included the underside as well as the 
upper surface of the filter and its Matrigel coating. Thus, 
the images appeared black unless fluorescently labeled 
(cytokeratin-positive) cells invaded to within 50 mm of the 
filter. (A–D) When the cultures were maintained in 20% 
oxygen, cytotrophoblasts (CTB) penetrated the Matrigel 
and emerged on the undersurface of the filter within 96 h 
of plating. By 24 h (A) fluorescent-labeled cells had 
started to invade the Matrigel. As a result, the emitted 
fluorescence was sufficient to make the filter surface ap-
pear light and the pores (P) appear black. Cytokeratin-
positive cell processes (CP) were first seen in the pores at 
48 h (B). By 72 h (C) many cells appeared near the origi-
nal upper surface of the filter (CTB; arrow heads), and 
most of the filter pores contained cell processes. Between 
72 (C) and 96 h (D) invasion proceeded rapidly, and en-
tire cells (CTB; arrows) emerged on the filter underside. 
(E and F) When the cultures were maintained in 2% oxy-
gen, invasion was significantly retarded. After 72 h (E) 
the filter surface still appeared black, indicating that cy-
tokeratin-positive cells were not within the 50 mm area 
that was imaged. Cytotrophoblasts near the upper surface 
of the filter and cell processes in some of the pores were 
first visible at 96 h (F).
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served in tissue sections of the maternal-fetal interface in preg-
nancies complicated by preeclampsia (compare Fig. 2, B and
D); the cells attached to the uterus, but invasion was shallow.

The other model we used allowed us to quantify differ-
ences in cytotrophoblast invasiveness and to determine
whether hypoxia-induced changes required coculture with de-
cidual explants. Purified 10–12 wk cytotrophoblasts were
plated on the tops of Matrigel-coated Transwell filters (5, 6, 8,
9). After 24–96 h the filters were dissected from the inserts and
mounted on slides such that their undersides faced upward.
We used confocal microscopy to image the ECM, both sides of
the filter and the pores that connected them. This showed that
the thickness of the Matrigel averaged 10066 mm. When cy-
totrophoblasts were plated in a 20% O2 atmosphere, we ob-
served the following progression. After the first 24 h of culture,
cells had not penetrated the Matrigel to a sufficient depth to be
visible in the area adjacent to the filter (Fig. 3 A). After 48 h, a
few cells had invaded the Matrigel, and occasionally their pro-
cesses traversed the pores (Fig. 3 B). However, by 72 h a large
number of cells were in direct contact with the filter, and many
pores contained processes (Fig. 3 C). After this stage invasion
proceeded rapidly; at the end of the culture period (96 h) nu-
merous cells had reached the underside of the filter (Fig. 3 D).
In contrast, cytotrophoblasts that were cultured in 2% oxygen
were much less invasive. By 72 h cells were only occasionally
visible near the upper surface of the filter (Fig. 3 E). Even by

96 h, few processes had penetrated the pores or reached the fil-
ter underside (Fig. 3 F).

Next, we quantified the inhibitory effects of hypoxia on cy-
totrophoblast invasion by counting the number of cytokeratin-
positive cell processes that extended through the filter after 72 h,
the time when numerous cell processes had traversed the
pores, but passive migration through previously formed tracks
had not yet begun. We focused on gestational ages 8–24 wk be-
cause our previous studies showed that cytotrophoblast inva-
siveness peaks early in the first trimester and is greatly reduced
by mid-gestation (6, 8). The results (Fig. 4) showed that there
was a 90% reduction in invasion when cytotrophoblasts iso-
lated from 10 –12 wk placentas were plated in 2% as compared
with 20% oxygen. Similar results were obtained when we as-
sayed the invasive capacity of cells isolated from 16 –20 wk pla-
centas cultured in the two conditions. By 24 wk, little invasion
was evident in either the control or experimental cultures.
These results suggest that low oxygen tension inhibits invasion
by its direct effects on early gestation cytotrophoblasts, rather
than by an indirect mechanism mediated by the decidua.

We then assayed the effects on cytotrophoblast invasion of
maintaining cells isolated from 10–12 wk placentas in an 8%
oxygen atmosphere, comparable to that encountered by cells
in the endometrium during the first trimester and in the inter-
villous space after 12 wk of gestation (39). As shown in Fig. 5,
the number of cell projections that reached the underside of
the filter was nearly identical to that observed when the cul-
tures were maintained in a 20% oxygen atmosphere.

To determine whether the negative effects of hypoxia on

Figure 4. Quantifying the effects of hypoxia on early gestation hu-
man cytotrophoblast invasion. Cytotrophoblasts isolated from pools 
of 10–12, 16–20, or 24 wk placentas were cultured for 72 h on Matri-
gel-coated Transwell filters. Invasion was quantified by counting the 
number of cytokeratin-positive cell processes that penetrated the fil-
ter pores. As previously described, the invasiveness of control cells 
cultured under standard conditions (20% oxygen) decreased with ad-
vancing gestational age (6, 8). Culturing cytotrophoblasts isolated 
from either 10–12 or 16–20 wk placentas under hypoxic conditions 
(2% oxygen) significantly inhibited their invasiveness (P , 0.001 for 
10–12 wk cells; P , 0.001 for 16–20 wk cells). n, number of filters. 
Three replicate filters were established from each isolation proce-
dure, except that five filters from a single 24 wk placenta were ana-
lyzed. Error bars show SD.

Figure 5. Cytotrophoblasts cultured in a 20 and an 8% oxygen atmo-
sphere were similarly invasive. Cytotrophoblasts isolated from 10–12 
wk placentas were cultured for 3 d on Matrigel-coated Transwell fil-
ters and invasion was quantified as described in Fig. 4. The cells were 
maintained under standard tissue culture conditions (20% O2; Con-
trol), or in an atmosphere with an oxygen content comparable to that 
of the endometrium (8%), or under hypoxic conditions (2% O2). The 
invasiveness of cells cultured in 20 and 8% O2 was similar and signifi-
cantly (P , 0.01) greater than that of cells maintained in a 2% O2 at-
mosphere. n, number of filters. Six replicate filters were analyzed 
from three different isolation procedures. Error bars show SD.
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cytotrophoblast (10–12 wk) invasion could be reversed, cells
were either cultured for 6 d in 2% oxygen or switched after 3 d
to a 20% oxygen atmosphere, where they were maintained for
an additional 3 d. The results are shown in Fig. 6. As expected,
cells that were continuously cultured under hypoxic conditions
showed little ability to invade the ECM. In contrast, the inva-
siveness of cytotrophoblasts that were switched from 2 to 20%
oxygen approached that of cells cultured under standard con-
ditions for 3 d. The latter data (replicated from Fig. 4) were
used for comparison purposes because nearly all of the early
gestation cells that were cultured in a 20% oxygen atmosphere
for 6 d had penetrated the pores and reaggregated on the bot-
toms of the filters. Thus, the short-term effects of hypoxia on
cytotrophoblast invasion are reversible, suggesting that under
some circumstances cytotrophoblasts may be relatively resis-
tant to reoxygenation injury.

Hypoxia inhibits cytotrophoblast a1/b1 integrin expres-
sion. The third endpoint we assayed was the cells’ expression
of integrin cell–ECM receptors which are stage-specific mark-
ers for transitions in cytotrophoblast differentiation, as well as
important regulators of the invasion process. Plating 10–12 wk
gestation cytotrophoblast stem cells on Matrigel supports their
differentiation along the invasive pathway, as assayed by the
cells’ ability to alter their integrin repertoire (9). Here, we used
this culture system to determine whether hypoxia alters the
normal pattern of cytotrophoblast integrin switching. As we
showed previously (9), cytotrophoblast stem cells maintained
in 20% O2 rapidly upregulated their expression of integrins a5

(Fig. 7 A) and b1, as well as ECM constituents (collagen IV
and A1B1 fibronectin) (data not shown). In vivo these mole-
cules are first expressed just after the cells leave their base-
ment membrane (3), i.e., during the initial stages of differentia-
tion. Under standard culture conditions (20% oxygen),
cytotrophoblasts also upregulated integrin a1 expression (Fig.
7 C). In vivo this occurs at a later point in the differentiation
process, i.e., as the cells invade the uterus (3). The same results
were obtained when the cells were cultured in an 8% oxygen
atmosphere. Cytotrophoblasts cultured in 2% O2 completed
the initial stages of this differentiation program. They upregu-
lated expression of a5 (Fig. 7 B) and b1 integrin subunits, as
well as collagen IV and fibronectin production (data not
shown). However, the majority of cytokeratin-positive cells
failed to express a1b1 (Fig. 7 E), suggesting that they can ini-
tiate, but not complete, the normal integrin switching program.

Discussion

The results of these experiments, taken together, suggest that
oxygen tension is one factor that regulates human cytotropho-
blast differentiation along the invasive pathway. In a hypoxic
environment, the cells carry out only the initial stages of their
normal differentiation program. They upregulate DNA syn-
thesis and express integrins and ECM molecules (e.g., a5/b1
and A1B1 fibronectin) in a pattern characteristic of cytotro-
phoblasts in the early stages of differentiation along the inva-
sive pathway in vivo (3, 9). However, the latter stage of the dif-
ferentiation process, in which cytotrophoblasts upregulate the
expression of integrin a1/b1, is inhibited in a manner that is
similar to the situation we have observed in preeclampsia (15,
16). Comparing the invasiveness of cytotrophoblasts cultured
in 2 and 20% oxygen suggests that the changes in stage-specific
antigen expression we observed had functional consequences:
culturing cytotrophoblasts in a low oxygen tension environ-
ment greatly reduced their invasiveness.

These data indicate that hypoxia changes the balance be-
tween proliferation and differentiation in cytotrophoblasts.
With regard to the cell cycle, our results are in agreement with
decades-old morphological studies that describe marked pro-
liferation of the cytotrophoblast layer in tissue sections of pla-
centas from pregnancies complicated by preeclampsia (44), a
finding that has recently been confirmed (12). Similarly, cul-
turing chorionic villi under hypoxic conditions has been re-
ported to result in cytotrophoblast proliferation (45), although
this result has not been replicated (46). Whether oxygen ten-
sion affects passage through the cell cycle in other cells has not
been widely studied. Limited evidence suggests the observed
effects are cell-type specific. For example, hypoxia induces
proliferation of vascular smooth muscle cells (47, 48), but leads
to G1 arrest in a variety of tumor cell lines (49). Likewise, hy-
poxia stimulates differentiation of erythrocytes (via induction
of erythropoietin; 50) but inhibits that of 3T3-L1 fibroblasts
(51).

Our findings also suggest that hypoxia changes the cells’
expression of integrin a1, which is a stage-specific marker of
cytotrophoblast differentiation. The effects of hypoxia on ad-
hesion molecule expression in other systems are beginning to
be studied. For example, cultured human umbilical vein endo-
thelial cells subjected to low oxygen tension upregulate, after
reoxygenation, endothelial-leukocyte adhesion molecule-1 and
intercellular adhesion molecule-1 expression (26, 52). Conse-

Figure 6. Reoxygenation reversed the negative effects of hypoxia on 
first trimester human cytotrophoblast invasion. Cytotrophoblasts iso-
lated from 10–12 wk placentas were cultured for 6 d on Matrigel-
coated Transwell filters and invasion was quantified as described in 
Fig. 4. The cells were either maintained in a 2% oxygen atmosphere 
for the entire period (Hypoxia) or transferred after 3 d to a standard 
tissue culture incubator (20% oxygen; Reoxygenation). In the latter 
case, invasion reached a level that was not significantly different from 
that of cells cultured for 3 d in a 20% oxygen environment (Control). 
n, number of filters. Three replicate filters were established from 
each isolation procedure. Error bars show SD.
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Figure 7. Hypoxia alters cytotrophoblast integrin 
expression. Isolated 10–12 wk cytotrophoblasts 
were plated on Matrigel-coated Transwell filters 
and cultured in 20 or 2% oxygen for 72 h. The 
cells were double stained with antibodies that 
recognized cytokeratin (CK) and either a5 or a1, 
two integrin subunits whose expression is upreg-
ulated during differentiation along the invasive 
pathway in vivo (3) and in vitro (9). Then the fil-
ters were removed from the inserts and mounted 
on slides such that the original Matrigel-coated 
surface faced upward. Integrin expression was 
analyzed by confocal microscopy. Greater than 
98% of the cells cultured in either 2% (A) or 
20% (B) oxygen reacted with the anti-a5 anti-
body. A similar percentage of cytotrophoblasts 
cultured in 20% oxygen upregulated integrin a1 
expression (C). In contrast, the majority of cells 
that had been cultured in 2% oxygen did not re-
act with the anti-a1 antibody (E). Often only 
weak reactivity was detected (arrowhead). The 
fact that the cells were cytotrophoblasts was veri-
fied by colocalizing integrin a1 and cytokeratin 
(CK ) expression (D and F).
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quently, there is a severalfold increase in the number of leuko-
cytes that adhere, in a leukocyte function antigen (LFA)-1–
dependent mechanism, to the reoxygenated human umbilical
vein endothelial cell monolayers (52, 53). These results help
explain why hypoxia leads to increases in leukocyte-blood ves-
sel adhesive interactions. LFA-1 also mediates increased leu-
kocyte adhesion to human muscle cells subjected to a low oxy-
gen tension environment. In this case, intercellular adhesion
due to vascular cell adhesion molecule-1 interactions with
LFA-4 is simultaneously downregulated (53).

The concept that oxygen tension regulates cytotrophoblast
differentiation has several interesting implications with regard
to the interplay between physiology and placental develop-
ment in normal pregnancy. The experiments described in this
paper primarily focused on differentiation of cytotrophoblasts
isolated from 10–12 wk human placentas. This time period is
an important physiological transition in pregnancy during
which blood flow to the placenta substantially increases. Mor-
phological studies of the placental bed show that throughout
much of the first trimester, cytotrophoblast invasion is con-
fined to the terminal portions of uterine blood vessels near the
uterine lumen (3). Ex vivo angiography of hysterectomy speci-
mens (54) and in vivo color Doppler imaging (55) show no evi-
dence of blood flow to the intervillous space during this same
time period. During the second trimester of pregnancy, endo-
vascular invasion proceeds rapidly, and these vessels are trans-
formed into wide-bore, low-resistance, high-capacity channels.

Our data suggest that this physiological transition coincides
with an important transition in placental development, namely
the point at which cytotrophoblast differentiation along the in-
vasive pathway becomes sensitive to hypoxia. Since we cannot
obtain enough placental tissue to study the isolated cells be-
fore 8 wk gestation, we are using another invasion/differentia-
tion model, explanting anchoring villi to Matrigel, for this pur-
pose (42). These experiments show that before 7 wk gestation,
hypoxia does not inhibit cytotrophoblast invasion (Genbacev,
O., and S. J. Fisher, manuscript in preparation); such inhibition
appears at z 10 wk gestation. These data are in accord with
the results described here which show that hypoxia arrests cy-
totrophoblasts isolated from 10–12 wk placentas in the initial
stages of differentiation along the invasive pathway. Thus, we
hypothesize that during early pregnancy, allocation of the tro-
phoblast lineage and differentiation/invasion can occur in a
relatively hypoxic environment. However, normal placental
development after the first trimester of pregnancy requires
that the cytotrophoblast subpopulation that lies at the mater-
nal–fetal interface has an adequate supply of maternal blood.
Thus, our work adds new information as to why the uterine
vascular changes that occur at the end of the first trimester and
that substantially increase blood flow to the maternal–fetal in-
terface are critical to the outcome of pregnancy.

With regard to abnormal placental development, we hy-
pothesize that when cytotrophoblasts do not access an ade-
quate maternal blood supply, they survive because they are
relatively resistant to hypoxia. However, the cells are less able
to invade, thus setting up the series of events that results in
shallow placentation and, by some unknown mechanism, ini-
tiates the preeclampsia syndrome. The fact that we can dupli-
cate the abnormalities in cytotrophoblast differentiation that
occur in preeclampsia by culturing normal cells in a hypoxic
environment suggests that the placental defects associated
with this syndrome can be at least partially attributed to de-

creased placental perfusion and that this is an important proxi-
mal event in the chain of events that leads to this disease.
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