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Human placental development involves coordinated
angiogenesis and trophoblast outgrowth that are
compromised in intrauterine growth restriction
(IUGR). As Tie-2“/~ mice exhibit growth retardation
and vascular network malformation, the expression
of Tie-2 and its ligands, angiopoietin-1 (Ang-1) and
angiopoietin-2 (Ang-2), were investigated in human
placenta from normal pregnancies and those compli-
cated by severe IUGR. Ribonucleotide protection as-
says showed no significant change in the expression
of Ang-2 mRNA between gestationally matched nor-
mal and IUGR placentas; however, immunoblots re-
vealed that Ang-2 protein was significantly decreased
in TUGR, suggesting that this may contribute to the
abnormal development of the villous vasculature. In
situ hybridization studies showed that Ang-1 and
Tie-2 were detected in the cyto/syncytiotrophoblast
bilayer in first-trimester placenta, whereas Ang-2
mRNA was restricted to the cytotrophoblast, suggest-
ing their role in trophoblast function. At term, Ang-1
mRNA and immunoreactive protein were restricted to
the paravascular tissues of the primary stem villi,
supporting its role in vessel maturation. In contrast,
Ang-2 was expressed throughout the term villous
core, perhaps to permit the developing placental vas-
cular network to remain in a state of fluidity. As these
studies also revealed that trophoblast, in addition to
endothelial cells, expressed Tie-2 receptors, we inves-
tigated the potential role of Ang-1/Ang-2 on tropho-
blast proliferation, migration, and the release of NO.
Using spontaneously transformed first-trimester tro-
phoblast cell lines that exhibit cytotrophoblast-like
(ED,-) and extravillous trophoblast-like (ED--) prop-
erties, we show that the addition of Ang-2 (250 ng/ml)
stimulated DNA synthesis in ED,. trophoblast cells
and triggered the release of NO. Ang-1 stimulated tro-
phoblast (ED--) migration in a dose-dependent man-
ner that was inhibited by recombinant Tie-2-FC. These

data thus imply, for the first time, a specific role for
angiopoietins as regulators of trophoblast behavior in
the development of the utero/fetoplacental circula-
tion, an action independent of their well-established
roles in vascular endothelium. (Am J Pathol 2000,
156:2185-2199)

Successful placentation requires the development of a
low-impedance uteroplacental circulation after transfor-
mation of the maternal intramyometrial portion of the spi-
ral arterioles by trophoblast invasion.” Hemochorial pla-
centation is also dependent on the establishment and
maintenance of a competent fetoplacental vascular net-
work formed by the processes of vasculogenesis and
branching (first and second trimesters) and nonbranch-
ing (third trimester) angiogenesis.’ Consequently, a care-
ful coordination of trophoblast and endothelial cell devel-
opment, proliferation, invasion, and differentiation must
occur during the early stages of placental development.
This is considered to be mediated by locally acting an-
giogenic growth factors.?

Vascular endothelial growth factor (VEGF) and its two
high-affinity receptor tyrosine kinases, VEGFR-1 (FIt-1)
and VEGFR-2 (KDR), are expressed in human placen-
ta.3* Although VEGF is generally known as an endothelial
cell-specific mitogen,® it was also demonstrated to act as
a mitogen for trophoblast®® and to stimulate NO release
from first-trimester trophoblast.” Recently described an-
giopoetin-1 (Ang-1) is a secreted angiogenic factor that
binds and induces the tyrosine phosphorylation of Tunica
interna endothelial cell kinase-2 (Tie-2) receptor on endo-
thelial cells.® Ang-1-deficient mice, in a manner similar to
that of Tie-2~/~ mice, display a lethal phenotype caused
by a severe defect in the embryonic vasculature.® This
has led to the proposal that Ang-1 mediates stabilization
of developing blood vessels by recruiting and interacting
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with periendothelial cells.®'® Ang-1 per se does not stim-
ulate in vitro proliferation or tube formation of endothelial
cells, although Ang-1 has been described as stimulating
endothelial cell migration.'" In the presence of VEGF,
Ang-1 potentiates and sustains capillary growth in an in
vitro system.® "2 In contrast, angiopoetin-2 (Ang-2) is the
natural antagonist of Ang-1 on endothelium, and trans-
genic overexpression of Ang-2 caused disruption of
blood vessel formation.'®

In intrauterine growth-restricted (IUGR) pregnancies
with reduced or absent end-diastolic flow velocity, the
appearance of increased syncytial nuclei, grouped into
syncytial knots, suggests an aged syncytium.™ In addi-
tion, the morphology of straight, unbranched capillaries
and erythrocyte congestion of the terminal villi'* sug-
gests poor placental blood vessel development due to
disturbances in angiogenic growth factor expression/
function.™® Interestingly, Tie-2 ¢/~ mice exhibit growth
retardation and malformation in the vascular network,
mainly consisting of a dilated vasculature with limited
branching and capillary sprouting.'®'” It thus seemed
reasonable to define the role of Tie-2/angiopoietin system
in placental development. We hypothesized that IUGR
may be associated with overexpression of Ang-1 or un-
derexpression of Ang-2 in these placentas and tropho-
blast expressing functional Tie-2 receptors. The aim of
the study was first to examine the expression of the
Tie-2/angiopoietin system in normal placenta and those
complicated with IUGR. As these studies revealed that
trophoblast in addition to endothelial cells also expressed
Tie receptors, we investigated the potential role of Ang-
1/Ang-2 in trophoblast proliferation, migration, and the
release of NO.

Materials and Methods

Reagents

Recombinant Ang-1, Ang-2, and Tie-2-Fc proteins;
monoclonal anti-Ang-1, anti-Ang-2 antibodies; and plas-
mids containing cDNAs for Ang-1, Ang-2, and Tie-2 were
all generously provided by Regeneron Pharmaceuticals
(Tarrytown, NY). A polyclonal rabbit anti-Tie-2 antibody
(sc-324) was purchased from Autogen Bioclear (Steve-
nage, UK). VEGF,45 and VEGF,,, were purchased from
Strahmann Biotech (Hannover, Germany). All cell culture
reagents were purchased from Sigma (Dorset, UK).

Tissue Collection

First-trimester placenta (FT) (7-12 weeks’ gestation; n =
11) and second-trimester placenta (ST) (14-17 weeks’
gestation; n = 5) were collected from surgical termination
of pregnancies. Third trimester placenta (TT) (27-36
weeks’ gestation; n = 5) and uncomplicated term pla-
centa (Term) (38—-42 weeks’ gestation; n = 14) delivered
by elective cesarean section for breech presentation or a
recurring indication in otherwise uncomplicated pregnan-
cies were collected and stored as previously described.?
In addition to normal pregnancies, similar gestationally

matched tissues were collected by elective cesarean
section from pregnancies complicated by IUGR (IUGR)
(28-36 weeks’ gestation; n = 6) or preeclampsia (PE)
(28-37 weeks’ gestation; n = 5). Placental tissues for
IUGR were obtained from women with absent end dia-
stolic flow velocity'® and babies who were small for date,
with a fetal weight less than the fifth centile for gestational
age. Full-thickness sections of placental tissues were
dissected from a central location lying between the basal
and chorionic plates. After dissection, the tissue was
surrounded in embedding medium (OCT compound;
Miles Scientific, Elkhart, IN) and rapidly frozen over dry
ice and then stored at —80°C. Ten-micron sections were
cut and thaw-mounted on superfrost glass slides (Surgi-
path, Peterborough, UK). These sections were stored (for
less than 2 weeks) at —80°C until they were used for in
situ hybridization. Alternatively, tissues were immersed in
10% formaldehyde, embedded in paraffin wax, and pro-
cessed for immunocytochemistry (3-um sections) or
snap-frozen in liquid nitrogen immediately after collection
before homogenization. Ethical committee approval for
tissue collection was obtained from the South Birming-
ham Ethical Committee.

In Situ Hybridization

Human Ang-1 (570-bp) Spel-EcoRI fragment was sub-
cloned into Xbal/EcoR!l of pKS™ transcription vector. In
vitro transcription was carried out using T5 for the gener-
ation of antisense cRNA and using T, for the generation
of sense cRNA from plasmid linearized with Notl and with
EcoRl, respectively. Human Ang-2 (640-bp) EcoRI-Hindlll
fragment was subcloned into EcoRl/Hindlll of pKS™ tran-
scription vector. In vitro transcription was carried out as
described for Ang-1. Human Tie-2 (640-bp) EcoRI-Hindlll
cDNA fragment was subcloned into EcoRI/Hindlll of
pKS™ transcription vector. In vitro transcription was car-
ried out using T4 for the generation of antisense cRNA
and using T, for the generation of sense cRNA from
plasmid linearized with EcoRI and Hindlll, respectively.
The probes were diluted to a specific activity of 1 x 10°
dpm/ml of plasmid template. In situ hybridization was
carried out as previously described.’® Pretreated placen-
tal sections from first trimester (n = 7) and term (n = 9)
were hybridized in hybridization buffer containing either
[®5S]dUTP labeled sense or antisense probe. Hybridiza-
tion was carried out in a humidified oven at 55°C over-
night. After sequential washing in a high-stringency so-
lution of 20X standard saline citrate, the slides were dried
and dipped in photographic emulsion. The sections were
developed after 6 weeks of storage at 4°C.

Reverse Transcriptase-Polymerase Chain Reaction

Total RNA was isolated from cultured cells and endome-
trial and placental tissues according to the method of
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Figure 1. Quantification of Ang-2 mRNA and protein levels in IUGR and gestationally matched normal third trimester placenta. A: Identification of a 388-bp
protected mRNA fragment for Ang-2 by RNase protection assay, using total placental RNAs from third trimester (TT) (2 = 3), term (z = 7), and IUGR (1 = 4).
The abundance of mRNA for actin is also shown for each sample for comparison of RNA amounts. B: Graphical representation of Ang-2 mRNA levels. The ratio
of Ang-2 to actin was calculated from the protected band intensities as assessed by laser densitometric analysis. Levels of Ang-2 were not significantly increased
in severe IUGR as compared to gestationally matched third-trimester placenta. C: A representative Western blot analysis of Ang-2 protein in human placentae. A
single major band of 70 kd, corresponding to recombinant Ang-2 protein, was detected by the monoclonal anti-Ang-2 antibody. (1:2500). D: Laser densitometric
analysis of Ang-2 protein expression in the human placenta. Data are presented as laser densitometric (LD) units of band intensity from Western blots of placental
protein from first trimester (FT) (72 = 4), third trimester (TT) (7 = 4), term (7 = 5), and IUGR (n = 5). Ang-2 protein levels demonstrate a significant decrease
in placentae complicated by IUGR as compared to gestationally matched TT placentae. Statistical analysis of the intensity of bands was performed with Student’s
unpaired #test. *P < 0.05 versus TT. E: Identification of Ang-2 in placental lysates. Total placental protein lysates (250 ug/250 ul) (FT and term) were
immunoprecipitated overnight at 4°C with 1Tie-2-IgGFC-linked protein as described in Materials and Methods. Immunoprecipitates were separated by SDS-PAGE,
transferred to nitrocellulose, and probed with anti-Ang-2 monoclonal antibody (1:2500). A specific 70-kd band corresponding to recombinant Ang-2 protein was
detected in first trimester (FT) placenta.

Chomczynski and Sacchi,?° using TRIzol Reagent (Gibco
BRL, Paisley, UK). RNA was reverse transcribed as pre-
viously described.?® The erythroblastic leukemia tumor
cell line (K562) was used as the positive control for Ang-1
and Ang-2.2" In addition, secretory endometrial tissues

collected from patients with a history of regular menstrual
cycles undergoing hysterectomy for nonmalignant con-
ditions and primary cultures of endometrial stromal cells
generated from these tissues were also tested for Ang-1
and Ang-2. Ang-1 primers, reported previously,®® re-
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Figure 2. RT-PCR for Ang-1 and Ang-2 mRNA in placenta. Total RNA was
extracted from third trimester (TT) (2 = 1), term (72 = 4), IUGR (12 = 2), and
preeclamptic (PE) (n = 2) placenta. Ang-1 primers detected a specific
1399-bp band in two of nine placental samples tested. The band detected
corresponded to the erythroblastic leukemia tumor cell line (K562) used as
the positive control. Primary cultures of endometrial stromal cells (stroma)
and endometrial tissues (En35, En90) were also tested. Ang-2 primers de-
tected a specific 289-bp band in all of the samples from placenta, endome-
trium, and cultured stromal cells corresponding to that detected in the
positive control cell line K562.

sulted in the amplification of a 1399-bp product. Reverse
transcriptase-polymerase chain reaction (RT-PCR) anal-
ysis of Ang-2 was performed using the upstream primer
5" GTCCACCTGAGGAACTGTCT 3’ and downstream
primer 5" TTGTGACAGCAGCGTCTGTA 3’, resulting in
the amplification of a specific 289-bp product. The PCR
reaction consisted of 35 cycles of denaturing tempera-
ture 94°C for 1 minute, annealing temperature 65°C for 2
minutes, extension temperature at 72°C for 3 minutes,
and a further 4 minutes at 72°C.

Ribonuclease Protection Assay

Total RNA was isolated from snap-frozen placental tissue
by homogenization in TRIzol reagent.?® The human
Ang-1 probe template consisted of a cDNA fragment in
pBluescript KS* (Stratagene, Amsterdam, The Nether-
lands), corresponding to nucleotides 240-804 of the se-
quence described by Davis et al.® Ang-1 antisense RNA
was transcribed by T; RNA polymerase after linearization
with Notl, in the presence of [a->?P]JUTP (Amersham,
Little Chalfont, UK), using standard methods, and with
hybridization it protected a 570-bp fragment. The Ang-2
probe template consisted of nucleotides 1-635 of the
sequence described by Maisonpierre et al,’® also in
pBluescript KS*. Antisense RNA was transcribed by T,
RNA polymerase after linearization with Ncol, and with
hybridization it protected a 388-nucleotide fragment. The
Tie-2 receptor probe protected 265 nucleotides after hy-
bridization and was transcribed from the same construct
used for in situ hybridization, after linearization with Styl.
Probes for human B-actin and 28S ribosomal RNA (28S
rRNA) were used as internal standards. These were tran-
scribed from the pTRI-B-Actin-125-human and pTRI-
RNA-28S antisense control templates (Ambion, Witney,
Oxon), respectively, with T3 RNA polymerase. When hy-
bridized these probes protected 127 and 115 nucleo-
tides, respectively. Probes for Ang-1, Ang-2, and Tie-2
(1.0-5.0 X 10° cpm), and B-actin or 28S rRNA (1.0-5.0 X
10* cpm) were combined with 10 ug of total placental
RNA and coprecipitated. Ribonucleotide (RNase) protec-
tion assays were then performed with the RNase protec-
tion assays Il kit (Ambion) according to the manufactur-
er’s instructions. Protected fragments were resolved on

6% denaturing polyacrylamide gel electrophoresis
(PAGE) gels, transferred to Whatmann 3MM paper, and
dried under vacuum in a gel drier. Autoradiography was
performed using X-ray film (Kodak Biomax MR) with in-
tensifying screens at —70°C for 2-3 days. After autora-
diography, the intensities of protected species and their
respective B-actin signals were quantitated using UVP
Gelbase densitometry software.

Immunohistochemistry

Immunocytochemistry was performed as described pre-
viously.* Briefly, serial 3-um formalin-fixed, wax-embed-
ded sections were deparaffinized by two incubations in
xylene for 10 minutes, and endogenous peroxidase ac-
tivity quenched by incubation in 0.3% hydrogen peroxide
in methanol for 15 minutes. All subsequent incubations
were carried out in the presence of excess serum (10%
goat serum) to reduce nonspecific binding. Sections
were incubated with either a monoclonal anti-Ang-1 or
anti-Ang-2 antibody or a polyclonal anti-Tie-2 antibody
(1:100 dilution in 10% goat serum) for 1 hour at room
temperature. Amplification of primary antibody reaction
was achieved by incubation of sections with goat anti-
rabbit secondary antibody (Dako, High Wycombe, UK)
for 30 minutes at room temperature, followed by a com-
plex of streptavidin/biotinylated peroxidase (Dako) for a
further 30 minutes at room temperature. Binding was
visualized by incubation of sections in 0.5 mg/ml diami-
nobenzidine (Sigma), 0.1% hydrogen peroxide in phos-
phate-buffered saline (PBS) for 10 minutes. Sections
were counterstained with Mayer’s Hemalum (Richard A.
Lamb, London), dehydrated, and mounted. Control sec-
tions were performed in duplicate, where the primary
antibody was replaced with nonimmune rabbit 1gG or
was omitted.

Immunoprecipitation and Western Blotting

Proteins were extracted from first-trimester (n = 4), third-
trimester (n = 3), term (n = 5), and IUGR (n = 5) pla-
cental tissues and subjected to either immunoprecipita-
tion and/or Western blot analysis as previously
described.?® Immunoprecipitation was carried out on
placental tissue lysates and a first-trimester trophoblast
ED, cell line, using either recombinant Tie-2-FC (rTie-2-
FC) or polyclonal anti-Tie-2 antibody, respectively. For
Western blotting, immunoprecipitates or 100 ug of ex-
tracted protein were resuspended in 2X sodium dodecyl
sulfate (SDS) sample buffer and boiled for 5 minutes.
Equal amounts of total protein (100 ug) was separated on
a 10% SDS-PAGE gel by electrophoresis and transferred
to nitrocellulose membranes (Amersham) at room tem-
perature overnight. Membranes were blocked with 1%
milk fat (Premier Beverages, Staffordshire, UK) in Tween
Tris-buffered saline (TTBS) (10 mmol/L Tris (pH 7.5), 100
mmol/L NaCl, 0.1% Tween 20) for 6 hours at room tem-
perature and washed in TTBS at room temperature for 15
minutes, and the wash was repeated twice for 5 minutes.
Membranes were incubated with anti-Ang-2 antibody (1:
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Figure 3. Localization of Ang-1 mRNA in early and late gestational placental villi. A-D: Photomicrographs showing the hybridization signal detected in first
trimester placental villi (9 weeks) with an antisense *S-Ang-1 riboprobe. A and B: Intense hybridization signal localized to the syncytiotrophoblast and
cytotrophoblast of the villi (arrowhead) in bright-field (A) and dark-field optics (B). C and D: The specificity of the signal was confirmed by incubating a serial
section with #>S-labeled sense strand. E-H: Localization of Ang-1 mRNA in term placenta. An intense hybridization signal was detected in the media of the large
placental blood vessels (bv) (E and F). G and H: An adjacent section hybridized with the control sense cRNA probe, by bright-field (G) and dark-field (H)

microscopy. Original magnification: X200.

2500) at 4°C overnight. Membranes were washed and
antibody reactions were detected using the ECL detec-
tion kit (Amersham), followed by detection of chemilumi-
nescence on X-ray film. The intensity of detected bands
was quantified by laser densitometry and presented as
laser densitometric units (LD units).

Preparation and Stimulation of Cells

Spontaneously transformed first-trimester human cytotro-
phoblast-like (ED,,) and extravillous-like (ED,) tropho-
blasts were generated by repeated passaging of tropho-
blasts obtained from chorionic villous sampling.?* The
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Figure 4. Localization of angiopoietin-2 mRNA in early and late gestational human placental villi. A=F: Photomicrographs showing the hybridization signal with
antisense *°S-Ang-2 riboprobe. An intense hybridization signal was seen only in the cytotrophoblast layer lining the villi in first trimester (7 weeks’ gestation, bold
arrows) in bright-field (A) and dark-field (B) optics. Higher magnification of this section is seen in C and D (X400). The specificity of the signal was confirmed
by incubating a serial section with *>S-labeled sense strand (E and F, X400). G-H: Localization of Ang-1 mRNA in term placenta. The Ang-1 hybridization signal
was localized to the mesenchymal stromal core (MSC) of the placental stem villi with bright-field (G) and dark-field (H) optics. Original magnification: X200.

ED,- cell line has been characterized and demonstrated
to express the a and B subunits of human chorionic
gonadotrophin, placental alkaline phosphatase, and cy-
tokeratin peptide-8 but not vimentin and factor VIII1.2° The
ED-, cells exhibit an extravillous trophoblast-like charac-
teristic of cellular migration and matrix metalloproteinase
production.?® Cells were maintained in 75-cm? flasks in a

1:1 mixture of Dulbecco’s minimum essential medium
(DMEM):Hams F12 (ICN, Oxford, UK), 15% fetal bovine
serum, containing 1% L-glutamine, 5000 U penicillin, and
5 mg/ml streptomycin. Both cell lines were grown at 37°C,
5% CO, in a humidified incubator and routinely pas-
saged when 90% confluent. For the in vitro assays cells
were seeded in 24-well plates, at the densities indicated,
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Figure 5. Localization of Tie-2 receptor mRNA in early and late gestational human placental villi. A-D: Photomicrographs showing hybridization signal detected
by antisense *°S-Tie-2 riprobrobe probes in the first trimester (10 weeks’ gestation) placenta. Intense Tie-2 signal was detected in the syncytiotrophoblast-
cytotrophoblast bilayer of first-trimester villi in bright-field (A) and dark-field optics (B). Higher magnification of this section is seen in C and D (X400). E-H:
Photomicrographs of Tie-2 mRNA in sections from uncomplicated term placentae. Positive hybridization signal was seen most intensely in cells within the
mesenchymal stromal core (MSC) of the villous tissue (E and F). The fused syncytiotrophoblast/cytotrophoblast lining of the villi demonstrated weak Tie-2
hybridization. The specificity of the signal was confirmed by incubating a serial section with 3>S-labeled sense strand (G and H). Original magnification: X200

in 15% fetal calf serum (FCS) DMEM/F-12, were allowed [SH]Thymidine Incorporation

to attach overnight, and then quiesced for 24 hours in

serum-free 0.2% bovine serum albumin (BSA) DMEM/ First-trimester trophoblast ED,, were seeded in 24-well
F-12 before stimulation with agonist. plates in 15% FCS DMEM/F-12 at a density of 30,000
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Figure 6. Quantification of Tie-2 mRNA gestational human placenta. A:
Identification of a 265-bp protected mRNA fragment for Tie-2 by RNase
protection assay, using total placental RNAs from first (FT) (n = 4), second
(ST) (1 = 5), and third (TT) (7 = 5) trimester, as well as term (7 = 6). The
abundance of mRNA for 28S rRNA is also shown for each sample for
comparison of RNA amounts. B: Graphical representation of Tie-2 mRNA
levels. The ratio of Tie-2 to 28S rRNA was calculated from the protected band
intensities as assessed by laser densitometric analysis. Levels of Tie-2 in-
creased with increasing gestation.

cells/well. Cells were grown to 70-80% confluence and
rendered quiescent by incubation for 24 hours in 0.2%
BSA media. Stimulations were initiated by the addition of
recombinant Ang-1 or Ang-2 in increasing concentrations
(250-500 ng/ml) and incubated for 30 hours. During the
last 6 hours of incubation with angiopoietins, cells were
labeled with [methyl-°H]thymidine at 0.2 uCi/ml (Amer-
sham). Cells were stimulated with 10 ng/ml VEGF,,, as a
positive control because VEGF,,, binds exclusively to
VEGFR-2 receptor and stimulates trophoblast prolifera-
tion.® After completion of the incubation cells were
washed with PBS, fixed in 5% ice-cold trichloroacetic
acid, and washed with 100% ethanol. Cells were lysed in
PBS, 0.2% BSA, 1% Triton X-100, and 1 mmol/L NH,OH,
and incorporated [®H]thymidine was measured with a
beta scintillation counter (Packard, Pangbourne, UK). Re-
sults are expressed as a mean of three independent
experiments. Data were analyzed by unpaired Student’s
t-test.

Measurement of Nitric Oxide

First-trimester trophoblast ED,, were seeded in 24-well
plates in 15% DMEM/F-12 at a density of 250,000 cells/
well. Cells were grown to 70-80% confluence and ren-
dered quiescent by incubation for 24 hours in 0.2% BSA
media. After a 24-hour serum starvation, the ED,, cells
were exposed to increasing concentrations (250-500 ng/
ml) of Ang-1 or Ang-2 in serum-free culture medium for 30
minutes. VEGF,g5 (10 ng/ml) was used as a positive
control, as we have previously shown that VEGF, g5 stim-
ulates NO release from ED., cells.” Reactions were ter-
minated by removal of the supernatant that was subse-
quently centrifuged and stored at —80°C for NO analysis.
Levels of NO were measured in the gas phase, using a
Sievers NOA 280B chemiluminescence analyzer (Siev-
ers, Boulder, CO), as previously described.” Samples of

cell culture medium (100 ul) were injected into a nitrogen
purge vessel containing a 1% solution of sodium iodide in
glacial acetic acid to liberate gaseous NO from dissolved
NO and nitrite. The sample gas was then exposed to
ozone in the reaction vessel to form activated nitrogen
dioxide (NO*), which was detected by a red-sensitive
photomultiplier tube, and the output was recorded with
an integrating pen recorder. For each sample, the area
under the curve was converted to pmoles NO, using a
calibration curve constructed from the analysis of a series
of sodium nitrite standards. Results are expressed as the
mean = SEM of three independent experiments in tripli-
cate determination.

Chemotaxis Assay

Chemotaxis of trophoblast cells was performed in modi-
fied Boyden’s chambers. Polycarbonate filters (8-um
pore size) were coated with 0.1% gelatin (Sigma) for 8
hours at room temperature. DMEM/F-12 medium contain-
ing 0.5% FCS and 100-200 ng/ml Ang-1 or Ang-2 or the
vehicle alone was placed in the lower compartment of the
chamber, and 2 X 10° cells suspended in the same
medium were then seeded into the upper compartment of
the Boyden’s chamber. Incubation was carried out at
37°C for 6 hours. For inhibition studies, Ang-1 or Ang-2
was preincubated with rTie-2-FC for 30 minutes. At the
end of the incubation period the upper surface of the filter
was scraped with a rubber policeman. The filters were
then fixed and stained with Diff-Quick (Harleco, Gibbs-
town, NJ), and 10 fields at X200 magnification were
counted.

Results

Analysis of Ang-1/-2 mRNA and Protein
Expression in Normal and IUGR Placenta

RNase protection assays using [*?P]UTP-labeled spe-
cific riboprobes were used to test the hypothesis that
expression of Ang-1 or Ang-2 was altered in IUGR com-
pared to gestationally matched normal placenta. Autora-
diographic analysis demonstrated in all placental sam-
ples the presence of a 388-bp specific protected
fragment corresponding to the size of the Ang-2 probe
loaded as a control (Figure 1A). We were unable to detect
any protected species corresponding to Ang-1 with this
technique. No band was detected in the experimental
yeast tRNA control (data not shown). Laser densitometric
analysis of the Ang-2 and control B-actin bands demon-
strated no significant change in the ratio of Ang-2 to
B-actin in severe IUGR placenta as compared to gesta-
tionally matched third-trimester placenta (Figure 1B).
Semiquantitative immunoblot analysis of Ang-2 pla-
cental protein levels in gestational and IUGR placentae
demonstrated a 70-kd band in all samples (Figure 1C).
Laser densitometric analysis showed a small increase in
Ang-2 protein levels throughout gestation from first tri-
mester to term. Interestingly, in contrast to mRNA data,
Ang-2 immunoprotein was significantly decreased in se-



Tie-2 Mediates Trophoblast Proliferation and Migration 2193
AJP June 2000, Vol. 156, No. 6

[ T

«

i
& .
A A
K . —y .-

T

i

Figure 7. Immunohistochemical localization of Ang-1 and Ang-2 protein in the human placenta. Serial placental sections were incubated with monoclonal rabbit
antibodies raised against Ang-1 and Ang-2 (1:100). A and B: Intense staining for Ang-1 protein is demonstrated by mesenchyme surrounding placental blood
vessels in first trimester placenta. C: In the term placenta strong staining for Ang-1 is observed in the perivascular tissues of stem villi. D: No immunostaining for
Ang-1 was observed in the terminal villi of human term placenta. E: Weak Ang-2 immunostaining was detected in the cytotrophoblast-syncytiotrophoblast bilayer
of first-trimester placental villi. F: In the term placenta moderate immunostaining for Ang-2 was detected in the villous core and was associated with vascular
tissues in the stem villi. Staining was also observed surrounding the capillaries of terminal villi. G: Omission of primary antibody. H: Negative control with
nonimmune antibody. Original magnification: A, B, and E, X400; C, D, and F, X100; G and H, X200.
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Figure 8. Immunohistochemical localization of Tie-2 receptor in the human placenta. Serial sections were incubated with a rabbit polyclonal anti-Tie-2 antibody
(1:100). A and B: Intense immunostaining staining for Tie-2 receptor is demonstrated in the cytotrophoblast-syncytiotrophoblast bilayer of placental villi of term
placenta. C: Intense immunostaining for Tie-2 is demonstrated in the cytotrophoblast and syncytiotrophoblast of first-trimester placenta. D: The endothelial cells
of the placental blood vessels also display strong tie-2 immunostaining. The control is negative, with nonimmune antibody. Original magnification: A and B, X100;
C and D, X400.

vere IUGR as compared to gestationally matched third-
trimester placenta (Figure 1D; P < 0.03, n = 5). To
confirm the specificity of the Ang-2 antibody used in this
study, a recombinant Tie-2 protein conjugated to the
IgG-Fc region was used to immunoprecipitate Ang-2
from first-trimester and term placental protein lysates.
The anti-Ang-2 antibody recognized a single specific
major band of 70 kd corresponding to the positive control
recombinant Ang-2 protein (Figure 1E).

RT-PCR Analysis of Ang-1 and Ang-2 mRNA in
Human Placenta

RT-PCR analysis using Ang-1/-2-specific primers demon-
strated a 1399-bp band corresponding to Ang-1 in two of
nine third-trimester placental samples (Figure 2). Ang-1
was also detected in total RNA from primary cultures of
endometrial stromal cell, and the erythroblastic leukemia
tumor cell line K562 was used as the positive control
(Figure 2). In contrast, Ang-2-specific primers detected a
289-bp band in all placental samples tested as well as in
the tumor cell line, stromal cells, and uterine endometrial
samples (Figure 2). No bands were detected in the neg-
ative controls.

In Situ Localization of Ang-1 and Ang-2 in
Gestational Human Placenta

In first-trimester placenta (n = 7), the Ang-1 mRNA
hybridization signal localized to both the cytotropho-
blast and syncytiotrophoblast of the primary chorionic
villi (Figure 3,A and B, arrows). At term (n = 9), Ang-1
MRNA hybridization was seen only in the surrounding
perivascular tissues of the mature stem villi (Figure 3, E
and F). The specificity of the signal was confirmed by
incubating the adjacent section with 2°S-labeled sense
Ang-1 (first-trimester, Figure 3, C and D; term, Figure 3
G and H).

In contrast to Ang-1, the Ang-2 mRNA hybridization
signal localized only to the innermost cytotrophoblast
layer in first-trimester tissues (Figure 4, A-D). The spec-
ificity of the signal was confirmed by minimal hybridiza-
tion with sense probe (Figure 4, E and F). Like Ang-1, the
highest levels of Ang-2 mRNA hybridization were de-
tected in the perivascular and stromal tissues of the
mature stem villi at term. However, some of the small
intermediate and terminal villi also displayed Ang-2
MRNA hybridization in the mesenchymal core (Figure 4,
G and H).
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Figure 9. Identification of Tie-2 in a human first-trimester trophoblast cell
line. A: Proteins were extracted from serum-starved HUVECs and trophoblast
cells (ED,>) and immunoprecipitated with anti-Tie-2 antibody (1 ug/100 ul)
overnight at 4°C before Western blotting with anti-angiopoietin 1 (1:2000).
Both endothelial (E) and trophoblast (T) extracts show a band of 208 kd
corresponding to the Tie-2 receptor plus Angiopoietin 1. B: Cells were
prepared and immunoprecipitated as in A before Western blotting with an
anti-VEGF antibody (1:1000). No specific bands were observed in either
endothelial or trophoblast cell extracts. The data shown are representative of
three independent experiments.

Localization and Quantification of Tie-2 in
Gestational Human Placenta

A very strong hybridization signal for Tie-2 mRNA was
seen in the cytotrophoblast-syncytiotrophoblast bilayer
of first-trimester placenta (Figure 5, A-D). Weaker Tie-2
mRNA hybridization was displayed by the endothelium
of the placental blood vessels (Figure 5C). At term, a
strong hybridization for the Tie-2 mRNA signal was
observed throughout the mesenchymal stromal core of
the villous tissue (Figure 5, E and F) and in the outer
vasculosyncytiotrophoblast bilayer. The sense strand
showed minimal hybridization (Figure 5, G and H). An
RNase protection assay revealed that the Tie-2 recep-
tor probe protected a 265-bp fragment in all placental
samples that corresponded to the undigested Tie-2
probe (Figure 6A). Laser densitometric analysis of
Tie-2 and control 28S rRNA bands demonstrated an
increase in Tie-2 expression levels as gestation in-
creased to term (Figure 6B).
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Figure 10. Effect of angiopoietins on DNA synthesis and NO release in a
first-trimester trophoblast cell line. A: Addition of Ang-1 (hatched columns)
or Ang-2 (black columns) at 250500 ng/ml to quiescent ED,, cells resulted
in a significant increase in DNA synthesis, as assessed by incorporation of
[PHlthymidine. VEGF,,, (10 ng/ml, gray column) was used as a positive
control. B: Addition of Ang-1 (hatched columns) or Ang-2 (solid col-
umns) to confluent ED27 cells for 30 minutes resulted in the release of NO
into the culture media. VEGF,45 (10 ng/ml) was used as a positive control.
Conditioned medium was removed and assayed for NO release with a Sievers
NOA 270B chemiluminescence analyzer. Data are represented as a mean *
SEM of three independent experiments and statistically tested using Student’s

Immunolocalization of Ang-1, Ang-2, and Tie-2
in Gestational Human Placenta

Intense immunostaining for Ang-1 protein was detected
in isolated cells within the villous mesenchyme and in the
perivascular stroma around the blood vessels in first-
trimester placental villi (Figure 7, A and B). In the term
placenta, intense Ang-1 immunostaining was detected in
the fibrosed stromal core and the media of mature blood
vessels in primary placental stem villi (Figure 7C). In
contrast, no Ang-1 immunostaining was detected in the
terminal villi of term placenta (Figure 7D). Weak immuno-
staining for Ang-2 protein was detected in the cyto-
trophoblast-syncytiotrophoblast bilayer of first-trimester
placental villi (Figure 7E). In the term placenta the immu-
nostaining for Ang-2 localized to the villous mesenchyme
and the media surrounding blood vessels in stem pla-
cental villi and the perivascular tissues of the smaller
intermediate and terminal villi (Figure 7F). No immuno-
staining was detected in negative control, with either
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Figure 11. Effect of Ang-1 on trophoblast migration. Migration of ED-- was
observed with a modified Boyden chamber. Cells (2 X 10°) were seeded in
the upper compartment in 0.5% FCS. A: Increasing concentrations of Ang-1
were placed in the lower compartment. B: Ang-1 was premixed with recom-
binant Tie-2-FC for 30 minutes before its addition to the lower compartment.
C: The effect of Ang-2 on trophoblast migration was assessed in a fashion
similar to that of the analysis of Ang-1 in B. Cells that migrated across the
polycarbonate filters in response to the vehicle alone or to Ang-1/Ang-2 were
counted after a 6-hour incubation. Chemotaxis in response to FCS (20%)
(black column) was used as a positive control. Results are expressed as the
mean (* SEM) ED- counted per 10 fields (X200) in representative exper-
iments performed in duplicate and quadruplicate, respectively. Five similar
experiments were performed on different cell passages with similar results.

omission of primary antibody or use of nonimmune anti-
body (Figure 7, G and H).

Intense immunostaining for the Tie-2 receptor protein
was detected in the syncytiotrophoblast of both primary
and terminal placental villi in the term placenta (Figure 8,
A and B). As expected, strong immunostaining for Tie-2
receptor was observed in the endothelial cells of the
placental blood vessels (Figure 8C). No immunostaining

was observed on incubation of the sections with a non-
immune rabbit IgG (Figure 8D).

Identification of Tie-2 in Cultures of First-
Trimester Trophoblast

The localization studies demonstrated that in human pla-
centa, trophoblasts, in addition to endothelial cells, ex-
press Tie-2 receptor. Western blot analysis of Tie-2 im-
munoprecipitates, using a monoclonal anti-Ang-1
antibody, demonstrated a band of approximately 208 kd
in both trophoblast and endothelial cell lysates, corre-
sponding to the reported molecular mass of Tie-2 (140
kd)'®" plus Ang-1 (70 kd)® (Figure 9A). Blots probed
with a polyclonal anti-VEGF antibody showed no band,
thus confirming the specificity of the Tie-2 antibody used
for immunoprecipitation (Figure 9B).

Effect of Ang-1 and Ang-2 on Trophoblast
Proliferation

To investigate the potential role of Ang-1/-2 on tropho-
blast function, the effect of these factors on cell prolifer-
ation was assessed using [®H]thymidine incorporation as
a measure of DNA synthesis. Stimulation of quiescent
ED,- trophoblast with Ang-2 (black bars) caused a sig-
nificant increase in trophoblast [°H]thymidine incorpora-
tion at both 250 ng/ml and 500 ng/ml (Figure 10A). How-
ever, addition of Ang-1 (hatched bars) stimulated
trophoblast DNA synthesis only at the higher concentra-
tion (Figure 10A). Addition of 10 ng/ml VEGF,,,, used as
a positive control, caused a doubling in DNA synthesis.

Effect of Ang-1 and Ang-2 on Trophoblast NO
Release

We have previously reported that VEGF,g5 stimulates
trophoblast NO release.” To determine whether Ang-1 or
Ang-2 also stimulated the release of NO from trophoblast,
we measured total NO as described in Materials and
Methods. The addition of Ang-2 (250-500 ng/ml) caused
a significant increase in NO levels in the ED,, trophoblast
cell line (P < 0.05, n = 3; Figure 10B). The addition of
Ang-1 also stimulated an increase in NO release but to a
lesser extent than did Ang-2 (Figure 9B). As expected,
VEGF,g5 (10 ng/ml) induced a marked increase in NO
release that was greater than that induced by either
Ang-1 or Ang-2 (Figure 10B).

Effect of Ang-1 and Ang-2 on Trophoblast
Migration

Ang-1 has chemotactic properties for endothelial cells.'’
To determine whether Ang-1 or Ang-2 acts as a migratory
stimulus for trophoblast, the first-trimester extravillous-like
ED,, trophoblast cell line was exposed to Ang-1 or
Ang-2, and migration was assessed. Ang-1 induced a
dose-dependent migration of ED,, trophoblast (Figure



11A). The specificity of the chemotactic effect of Ang-1
was demonstrated by the inhibitory effect of rTie-2-FC on
Ang-1-induced migration (Figure 11B). Ang-2 (200 ng/ml)
also stimulated trophoblast migration in a manner that
was attenuated by preincubation of Ang-2 with rTie-2-FC
(Figure 11C). ED,, trophoblasts showed little migration in
response to Ang-1 or Ang-2 (data not shown).

Discussion

The present study identifies the sites of expression for
Ang-1, Ang-2, and Tie-2 receptor in the human placenta
throughout gestation. In first-trimester placentas Ang-1,
Ang-2, and Tie-2 colocalized to the trophoblasts, sug-
gesting that the angiopoietins may play an autocrine role
in trophoblast function. Indeed, Ang-2 stimulates an in-
crease in trophoblast DNA synthesis and the release of
NO, whereas Ang-1 acted as a potent chemotactic factor
for trophoblasts. At term, Ang-1 expression was re-
stricted to the perivascular stroma of stem villi surround-
ing the large blood vessels, supporting the hypothesis
that Ang-1 plays a role in maturation and maintenance of
the placental vessels in late gestation. In contrast, Ang-2
was expressed by the perivascular stroma of all placental
villi. Furthermore, this study shows that levels of Ang-2
protein were significantly reduced in IUGR placentas and
suggests that this decreased expression may therefore
contribute to the reported poor angiogenesis within the
intermediate and terminal villi associated with severe
|UGR.14’27

Fetal growth restriction is characterized by a small
placenta demonstrating decreased cytotrophoblast pro-
liferation and increased syncytial knot formation, along
with poorly developed vasculature in the terminal villi,
leading to erythrocyte congestion and fetal hypoxia.'*2”
We have previously hypothesized that altered levels of
locally acting angiogenic growth factors may contribute
to the morphological features of severe IUGR.?® The
present study shows that Ang-2 protein levels were mark-
edly decreased in severe IUGR as compared to gesta-
tionally matched third-trimester normal placentas. As
Ang-2 is known to act as an antagonist for Ang-1 in
endothelial cells,® the present study suggests that the
decreased levels of Ang-2 in IUGR may permit premature
maturation of the vessels, thus contributing to the abnor-
mal development of the terminal villous vasculature. In
addition to the poor angiogenesis, IUGR terminal villi
demonstrate a thickened basal lamina and increased
deposition of collagens and laminin.’ Interestingly,
Ang-2 inhibits trophoblast-derived laminin production
(unpublished data), supporting our hypothesis that de-
creased Ang-2 may contribute to the failure of adequate
terminal villous formation. Although Ang-2 protein was
decreased in IUGR, mRNA levels as detected by RNase
protection assay remained unchanged compared to ges-
tationally matched third-trimester normal placenta, sug-
gesting a potential failure of translational regulatory
mechanism in IUGR.

First-trimester placental development is dominated by
vasculogenesis and branching angiogenesis.’ Expres-
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sion of MRNA encoding for Ang-1 and Tie-2 receptor in
the first trimester over the syncytiocytotrophoblast bilayer
suggests an autocrine role for the Ang-1 in trophoblast
function. In contrast, immunoreactive Ang-1 localized to
the core of primary chorionic villi, suggesting that tropho-
blast-derived Ang-1 was secreted to this site for para-
crine interaction with the developing blood vessels of
first-trimester placenta. Interestingly, Ang-2 mRNA tran-
script and immunoprotein were restricted to the cytotro-
phoblast layer of the first-trimester placental villi. The
pattern of Ang-2 expression colocalizing with that of
VEGF* and fibroblast growth factor (FGF)'® during the
period of vascularization of the early placental villi sup-
ports the hypothesis that Ang-2 may interact with VEGF
by blocking a constitutive stabilizing or maturing function
for Ang-1 on placental blood vessels.® This would thus
permit the placental vessels to remain in a plastic state,
so that they can respond to the sprouting signal of VEGF
and FGF.

The villous vascular growth undergoes a change from
branching to nonbranching angiogenesis from 26 weeks’
gestation until term.2® This is due to the formation of the
mature intermediate and terminal villi that specialize in
gas exchange. In term placenta, where angiogenesis is
complete, expression of Ang-1 and Ang-2 mRNA expres-
sion was very low in the trophoblastic villous membrane,
but they were highly expressed in the perivascular and
stromal tissue surrounding the large blood vessels of the
stem villi. These findings contrasted with the RNase pro-
tection assay analysis that detected mRNA encoding for
Ang-2 in third-trimester placenta but did not detect
Ang-1. RT-PCR analysis using specific Ang-1 primers
detected a band in only two of nine placental samples
obtained from term deliveries. Immunolocalization stud-
ies, however, confirmed the in situ hybridization data
showing that Ang-1 protein was restricted to the larger
stem villi and was associated with the core surrounding
the mature placental vessels. Clearly, the lack of Ang-1
mRNA detection with the RNase protection assay and
RT-PCR is likely to be due to variation in sampling and
extraction procedures.

In the present study, the relatively high level of expres-
sion of Ang-1 in the media of stem villous vessels at term
is consistent with its reported role in vessel maturation
and stabilization.® Formation of a mature stem villous
(trunk of the placental tree) involves concentration of
contractile cells around the central lumina of the imma-
ture stem villi, acquiring the full spectrum of cytoskeletal
antigens, including smooth muscle actin.®°=32 As Ang-1
is reported to be a chemoattractant,’™'" it further sup-
ports our contention that its specific expression around
the central lumina of the immature stem villi contributes to
the maturation of the placental vascular tree.

The current study shows that in contrast to Ang-1,
Ang-2 was detected in the endothelium and mesen-
chyme of the smaller capillaries of the intermediate and
terminal villi. The capillaries within these villi grow in
excess of the trophoblastic sheath a result of a net de-
creased trophoblast and increased endothelial prolifera-
tion,?® leading to coiling and bulging of the capillaries
through the trophoblastic surface, forming the balloon-
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like structures of the terminal villi." The association of
Ang-2 with these capillary structures, together with the
observation that it acts as an antagonist of the Ang-1
effect on endothelium,'® suggests that it may play a role
in the formation and maintenance of these specialized
nonmuscularized structures by preventing vessel matu-
ration.

This study showed that Tie-2 receptor mRNA and pro-
tein localized to the endothelium of the placental blood
vessels and vasculosyncytial trophoblast membrane of
both first-trimester and term placental villi. The perceived
gestational increase in the expression of placental Tie-2
mRNA observed by in situ hybridization studies was
quantitatively confirmed by RNase protection assay. In
addition, the hybridization signal for the Tie-2 receptor
mRNA was detected within the mesenchyme of first-
trimester chorionic villi. The Tie-2 synthesis by the vas-
cular and mesenchymal tissues in first-trimester placenta
may reflect the competence of the developing endothelial
cells to respond to an angiogenic stimulus. This is con-
sistent with earlier ultrastructural studies identifying the
precursors of fetal endothelium in early fetal villi as mes-
enchymally derived hemangioblastic cell cords.*® More-
over, the persistent expression of Tie-2 in term placenta,
where endothelial cell turnover is low, favors a role for
Ang-1 in the maintenance of an endothelium-specific
phenotype.

In contrast to endothelial cells, our study for the first
time demonstrates that the angiopoietins and Tie-2 are
coexpressed on trophoblasts, suggesting an autocrine
function for angiopoietins in these cells. These findings
were confirmed by the identification of immunoreactive
Tie-2 receptor in immunoprecipitates from both cultured
endothelial and trophoblast cells. This is supported by
our findings that Ang-2 and, to a lesser extent, Ang-1
stimulate DNA synthesis and NO release from cytotro-
phoblast-like cells (ED,), suggesting that Ang-2 in par-
ticular, like VEGF,” contributes to the maintenance of
vascular homeostasis and the regulation of trophoblast
growth. Conversely, Ang-1 and, to a lesser extent, Ang-2
promoted migration of the ED-, extravillous trophoblast-
like cells, as assessed with the Boyden chamber assay.
The demonstration that cultured endometrial stromal cells
expressed Ang-1 mRNA suggests that Ang-1 produced
by the decidua may act as a chemoattractant to promote
extravillous trophoblast migration and invasion during the
remodeling of the spiral arteries to establish uteroplacen-
tal circulation in pregnancy. Although Ang-2 has no effect
on endothelial Tie-2 receptor, clearly trophoblasts are
able to respond to both Ang-1 and Ang-2. Similarly, fi-
broblasts stably transfected with Tie-2 receptor exhibit
chemotactic responses to both Ang-1 and Ang-2.""

In conclusion, the findings presented here that Ang-1
and Ang-2 display differential temporal and spatial ex-
pression implies an important role for this growth factor
system in the development and differentiation of the pla-
cental villous tree. Moreover, as Ang-2 was demonstrated
to act as an endothelial antagonist for Ang-1,"® the
present study suggests that the decreased levels of
Ang-2 in IUGR placenta may permit premature matura-
tion of the vessels, thus contributing to the abnormal

development of the terminal villous vasculature. Finally,
the presence of functional Tie-2 receptor on trophoblast
demonstrates a specific role for angiopoietins as regula-
tors of trophoblast behavior in the development of the
uteroplacental circulation, an action independent of their
well-established roles in vascular endothelium.

Acknowledgments

We are indebted to Prof. George Yancopoulos (Regen-
eron Pharmaceuticals) for his personal encouragement
and for providing his laboratory’s technical expertise as
well as the supply of key reagents, without which this
study could not have been completed. We are also grate-
ful to Dr. D. A. Kniss (Ohio State University) for the gen-
erous gift of spontaneously transformed trophoblast cell
lines that provide ideal model systems to study first-
trimester trophoblast behaviors. We express our appre-
ciation to Miss. K. Kurr for her assistance with tissue
collection and greatly acknowledge the support of the
technical staff of the Department of Pathology, Birming-
ham Women’s Hospital.

References

1. Benirschke K, Kaufmann P: Pathology of Human Placenta, ed 3.
Edited by K Benirschke, P Kaufmann. New York, Springer-Verlag,
1995

2. Ahmed A: Angiogenic growth factors in pregnancy. Trophoblast
Research: Early Pregnancy, Vol. 9. Edited by JD Aplin, P Kaufmann,
JP Schaaps, JM Foidart. New York, University of Rochester Press, pp
215-258

3. Charnock-Jones DS, Sharkey AM, Boocock CA, Ahmed A, Plevin R,
Ferrara N, Smith SK: Localisation and activation of the receptor for
vascular endothelial growth factor on human trophoblast and chorio-
carcinoma cells. Biol Reprod 1994, 51:524-530

4. Ahmed A, Li XF, Dunk CE, Whittle MJ, Rushton ID, Rollason T:
Colocalisation of vascular endothelial growth factor and its flt-1 re-
ceptor in human placenta. Growth Factors 1995, 12:235-243

5. Ferrara N, Davis-Smyth T: The biology of vascular endothelial growth
factor. Endocr Rev 1997, 18:4-25

6. Athanassiades A, Hamilton GS, Lala PK: Role of vascular endothelial
growth factor (VEGF) in human extravillous trophoblast proliferation,
migration and invasiveness. Placenta 1998, 19:465-473

7. Ahmed A, Dunk CE, Kniss D, Wilkes M: Role of VEGF Receptor (Flt-1)
in mediating calcium dependent nitric oxide release and limiting DNA
synthesis in human trophoblast cells. Lab Invest 1997, 76:779-791

8. Davis S, Aldrich TH, Jones PF, Acheson A, Compton DL, Jain V, Ryan
TE, Brunc J, Radziejewski C, Maisonpierre PC: Isolation of angiopoi-
etin-1, a ligand for the TIE2 receptor, by secretion-trap expression
cloning. Cell 1996, 87:1161-1169

9. Suri C, Jones PF, Patan S, Bartunkova S, Maisonpierre PC, Davies S,
Sato TN, Yancopoulos GD: Requisite role of angiopoietin-1, a ligand
for the Tie-2 receptor, during embryonic angiogenesis. Cell 1996,
87:1171-1180

10. Hanahan D: Signalling vascular morphogenesis and maintenance.
Science 1997, 277:48-50

11. Witzenbichler B, Maisonpierre PC, Jones P, Yancopoulos GD, Isner
JM: Chemotactic properties of angiopoietin-1 and -2 ligands for the
endothelial-specific receptor tyrosine kinase Tie2. J Biol Chem 1998,
273:18514-18521

12. Papapetropoulos A, Garcia-Cardena G, Dengler TJ, Maisonpierre
PC, Yancopuolos GD, Sessa WC: Direct actions of angiopoietin-1 on
human endothelium: evidence for network stabilisation, cell survival,
and interaction with other angiogenic growth factors. Lab Invest
1999, 79:213-223

13. Maisonpierre PC, Suri C, Jones PF, Bartunkova S, Wiegand SJ,



20.

21.

22.

23.

Radziejewski C, Compton D, McClain J, Aldrich TH, Papadopoulos N,
Daly TJ, Davies S, Sato TN, Yancopoulos GD: Angiopoietin-2, a
natural antagonist for Tie2 that disrupts in vivo angiogenesis. Science
1997, 277:55-60

. Macara LM, Kingdom JCP, Kaufmann P, Kohnen G, Hair J, More IRA,

Lyall F, Greer IA: Structural analysis of placental terminal villi from
growth-restricted pregnancies with abnormal umbilical artery Dopp-
ler waveforms. Placenta 1996, 17:37-48

. Ahmed A, Kilby MD: Hypoxia or hyperoxia in placental insufficiency?

Lancet 1997, 350:826-827

. Sato TN, Tozawa Y, Deutsch U, Wolburg-Buchhotz K, Fujiwara Y,

Gendron-Maguire M, Gridley T, Wolburg H, Risau W, Qin Y: Distinct
roles of the receptor tyrosine kinases Tie-1 and Tie-2 in blood vessel
formation. Nature 1995, 376:70-74

. Puri MC, Rossant J, Alitalo K, Bernstein A, Partanen J: The receptor

tyrosine kinase TIE is required for integrity and survival of vascular
endothelial cells. EMBO J 1995, 14:5884-5891

. Hanretty KP, Primrose MH, Neilson JP, Whittle MJ: Pregnancy screen-

ing by Doppler uteroplacental and umbilical artery waveforms. Br J
Obstet Gynaecol 1989, 96:1163-1167

. Shams M, Ahmed A: Localisation of mRNA for basic fibroblast growth

factor in human placenta. Growth Factors 1994, 11:105-111
Chomeczynski P, Sacchi N: Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal Bio-
chem 1987, 162:156-159

Kukk E, Wartiovaara U, Gunji Y, Kaukouen J, Buhring HJ, Rappold 1,
Matikainen MT, Vihko P, Pavtaneu J, Palotie A, Alitalo K, Alitalo R:
Analysis of tie receptor tyrosine kinase in haemopoietic progenitor
and leukaemia cells. Br J Hematol 1997, 98:195-203

Kukk E, Wartiovaara U, Gunh Y, Kaukonen J, Bohring H-J, Rappold I,
Matikainen M-T, Vihko P, Partenen J, Palotie A, Alitalo K, Alitalo R:
Analysis of Tie receptor tyrosine kinase in haemopoietic progenitor
and leukemia cells. Br J Haematol 1997, 98:195-203

Khalig A, Shams M, Li XF, Sisi P, Acevedo CA, Weich HA, Whittle MJ,
Ahmed A: Localisation of placenta growth factor (PIGF) in human
term placenta. Growth Factors 1996, 13:243-250

Tie-2 Mediates Trophoblast Proliferation and Migration

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

2199
AJP June 2000, Vol. 156, No. 6

Diss EM, Gabbe SG, Moore JW, Kniss DA: Study of thromboxane and
prostacyclin metabolism in an in vitro model of first trimester tropho-
blast. Am J Obstet Gynecol 1992, 167:1046-1052

Kniss DA, Shubert PJ, Zimmerman PD, Landon MB, Gabbe SG:
Insulinlike growth factors: their regulation of glucose and amino acid
transport in placental trophoblast isolated from first trimester chori-
onic villi. J Reprod Med 1994, 39:249-256

Morgan M, Kniss D, McDonnell S: Expression of metalloproteinases
and their inhibitors in human trophoblast continuous cell lines. Exp
Cell Res 1998, 242:18-26

Krebs C, Macara LM, Leiser R, Bowman AW, Greer IA, Kingdom JCP:
Intrauterine growth restriction with absent end-diastolic flow velocity
in the umbilical artery is associated with maldevelopment of the
placental terminal villous tree. Am J Obstet Gynecol 1996, 175:534—
542

Khalig A, Dunk C, Jiang J, Shams M, Li XF, Acevedo C, Weich H,
Whittle M, Ahmed A: Hypoxia down regulates placenta growth factor,
whereas fetal growth restriction up-regulates placenta growth factor
expression: molecular evidence for “placental hyperoxia” in intrauter-
ine growth restriction. Lab Invest 1999, 79:151-170

Kaufmann P, Bruns U, Leiser R, Luckhardt M, Winterhager E: The fetal
vascularisation of term human placental villi. Il. Intermediate and
terminal villi. Anat Embryol (Berl) 1985, 173:203-214

Kohnen G, Kertschanska S, Demir R, Kaufmann P: Placental villous
stroma as a model system for myofibroblast differentiation. Histo-
chem Cell Biol 1996, 105:415-429

Demir R, Kosanke G, Kohen G, Kertschanka S, Kaufmann P: Classi-
fication of human placental stem villi: review of structural and func-
tional aspects. Microsc Res Tech 1997, 38:29-41

Kohnen G: Anatomy of the stem villus. Trophoblast Research: IUGR.
Edited by JCP Kingdom, P Baker. Berlin and New York, Springer-
Verlag (in press)

Demir R, Kaufmann P, Castelucci M, Erbengi T, Kotowski A: Fetal
vasculogenesis and angiogenesis in human placental villi. Acta Anat
(Basel) 1989, 136:190-203



