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Implantation and growth of the placenta requires extensive angiogenesis to establish the
vascular structures involved in exchange. Failure to establish adequate blood supply to
the fetus may have serious clinical consequences such as intrauterine growth retardation.
Vascular endothelial cell growth factor (VEGF) is a recently identified growth factor with
significant angiogenic properties. We have demonstrated the presence of four species of
mRNA encoding VEGF in both first trimester and term placenta. In sifu hybridization was
used to localize the sites of expression of VEGF mRNA in these tissues. VEGF expression
was seen in villous trophoblast in the first trimester and in extravillous trophoblast at term,
and in both fetal macrophages within the villi and maternal macrophages in the decidua.
Glandular epithelium in maternal decidua also expressed VEGF mRNA. The strongest site of
expression was in maternal macrophages adjacent to Nitabuch’s stria, a zone of necrosis at
the site of implantation. This complex pattern of expression suggests that VEGF is involved
in angiogenesis on both maternal and fetal sides of the placenta and that macrophages are the
primary source of VEGF. However, VEGF may also play a role in term placenta, when

Expression of mRNA for vascular endothelial growth factor in human

extensive angiogenesis has diminished, possibly regulating vascular permeability.

Introduction

The development of the human placenta begins with implan-
tation and invasion of the endometrium by migrating trophoblast
cells. While the trophoblast is penetrating, the maternal arteries
continue to elongate until well into the first trimester. Extensive
angiogenesis occurs both in the fetal villi and in the maternal
decidua, to establish the vascular structures required for
exchange (Findlay, 1986). This involves proliferation, migration
and maturation of maternal and fetal endothelial cells (reviewed
in Klagsbrun and D’ Amore, 1991).

Many angiogenic growth factors are now recognized includ-
ing acidic and basic fibroblast growth factor (FGF) and vascular
endothelial growth factor (VEGF) (Folkman and Klagsbrun,
1987; Gospodarowicz et al., 1987; Ferrara and Henzel, 1989).
We have recently demonstrated mRNA encoding all three
of these angiogenic growth factors in human endometrium.
(Charnock-Jones ef al., 1993; Ferriani et al, 1993). VEGF is a
specific mitogen for endothelial cells and is involved in angio-
genesis (Ferrara ef al., 1992). Purified VEGF is a dimer of approxi-
mately 46 kDa (Ferrara and Henzel, 1989; Gospodarowicz et al,
1989). Analysis of cDNA clones predicts five isoforms of 206,
189, 165, 145 and 121 amino acids, arising by alternative
splicing of exons 6-8 (Houck ef al., 1992; Charnock-Jones et al.,
1993). All of these peptides contain an amino-terminal signal
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sequence required for secretion. Recently, the fms-like tyrosine
kinase (flt), a member of the transmembrane receptor tyrosine
kinase family, has been shown to be a specific receptor for
VEGF. Flt was cloned from a human placental cDNA library (De
Vries et al., 1992). Iodinated VEGF binds only to vascular endo-
thelial cells in tissues, indicating that these are its cellular target
(Jakeman ef al., 1992).

We previously showed that mRNAs encoding the four
smallest isoforms of VEGF are present in human endometrium
(Charnock-Jones et al, 1993). mRNA encoding VEGF,,,
appeared to be specifically expressed in uterine tissue, although
it is not yet known whether this variant has biological activity.
In situ hybridization in endometrium of nonpregnant women
showed that VEGF is expressed by both stromal and glandular
cells during the proliferative phase of the cycle, with greatly
increased expression in the glands of the secretory endo-
metrium. However, the greatest intensity of hybridization was
found in endometrial glands during menstruation, suggesting
that VEGEF is involved in angiogenesis following menstruation
in the normal cycle. In view of this, and the report of the pres-
ence of a VEGF clone in a human placental <cDNA library
(Houck ef al., 1991), we used the techniques of reverse transcrip-
tion polymerase chain reaction (RT-PCR) and in situ hybridiz-
ation to investigate the expression of VEGF mRNA in first
trimester decidua and trophoblast, and term amnion, chorion
and placenta, to determine whether VEGF plays a role in

angiogenesis during growth and development of the placenta.
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Materials and Methods

Tissue collection and cell culture

Tissue was collected from patients following informed con-
sent, and the study was passed by the Ethical Committee of the
Cambridge District Health Authority. First trimester tissue
samples were collected from patients following termination of
pregnancy, and term placenta and membranes from women
undergoing elective Caesarian section for breech presentation.
Tissue was washed in sterile PBS and snap frozen in liquid
nitrogen.

The choriocarcinoma cell line BeWo (American Tissue Type
Collection, Rockville MD) was grown in Hams F12 according
to the ATCC recommendations. Cells were grown to 80% con-
fluence, harvested by trypsin—EDTA (ICN Flow, Irvine) treat-
ment, washed in ice cold PBS and the cell pellet was frozen at
—70°C.

Preparation of RNA and reverse transcription polymerase chain
reaction (RT-PCR)

RNA was prepared from frozen tissue by the method of
Chomsninzski and Sarchi (1987). Briefly, tissue was hom-
ogenized in a buffer containing guanidinium thiocyanate
(Gibco, Livingstone) and total RNA was purified by acid phenol
extraction and ethanol precipitation. cONA was synthesized
using AMYV reverse transcriptase (Super RT:HT Biotechnology,
Cambridge, UK). Total RNA (3-5 pig) was primed with oligo
dT (Pharmacia, Milton Keynes, Bucks), according to the manu-
facturers instructions for 60 min at 42°C. Amplification was car-
ried out by nested PCR using two pairs of primers. A portion of
the reverse transcriptase products was initially amplified using
primers I and ] (see below) with Amplitaq (Cetus, Emeryville,
CA), in the manufacturer’s recommended buffer. The reaction
mixture (50 pl) was amplified for 30 cycles as follows: 94°C
60s, 54°C 50, 72°C 30's. One microlitre of the product was
transferred to a fresh 50 pl reaction mix containing primers G and
H, and reamplified for 20 cycles using similar conditions, except
that the primer annealing step was at 60°C. Ten microlitres of the
products was then analysed by 2% agarose gel electrophoresis.
The identity of the PCR products was confirmed by cloning each
band and sequencing it as described by Charnock-Jones ef al.
(1993). The primers used in this study are shown below.
Numbering of bases is according to Tischer ef al. (1991).

Bases 5’ 3
I (—9%to —77) TCGGGCCTCCGAAACCAT

] (726 to 743, antisense) GCGCAGAGTCTCCTCTTC

G (—75to —56) ATGAACTTTCTGCTGTCTTGGGT
H (551t0 570, antisense) TCACCGCCTCGGCTTGTCAC

These primers span exon—intron boundaries; amplification of
contaminating genomic DNA would therefore be readily
detected.

In situ hybridization

In situ hybridization was carried out according to the method
of Sharkey ef al. (1992). Cryostat sections were collected onto

slides coated with poly-L-lysine (Sigma, Poole), air dried and
fixed in 4% paraformaldehyde in PBS for 20 min at 4°C. Slides
were dehydrated through a series of alcohols and stored at
—70°C. The sections were probed with a **S-labelled antisense
RNA probe transcribed from a clone containing VEGF,,. This
probe recognizes all VEGF isoforms. A probe transcribed from
the sense strand was used as a control for nonspecific hybridiz-
ation. Approximately 2 x 10° c.p.m. of **S-UTP were incorpor-
ated per microgram of plasmid template. After acetylation,
the air dried slides were prehybridized in 50% formamide,
1 x Denhardt’s, 20 mmol Tris—HCl1~" pH 8, 0.3 mol NaCl 1™,
5 mmol EDTA ™%, 10 mmol sodium phosphate I~ and 0.5 mg
yeast tRNA ml, at 50°C for 1h. The prehybridization buffer
was removed and hybridization buffer added, containing in
addition to the above 10% dextran sulfate (Pharmacia), 50 mmol
dithiothreitol I " and 1 x 10° d.p.m. **S-labelled sense or anti-
sense RNA probe pl™". Hybridization was carried out at 50°C
for 16 h. The slides were washed twice in 2 x SSC (1 x SCC is
0.15 mol NaCl I™! 0.015 mol sodium citrate 1=7) and 14 mmol
2-mercaptoethanol 17* at 50°C for 20 min, rinsed in 2 x SSC
and treated with RNAse A (10 ug ml™", from Sigma) for 30 min
at 37°C in 0.5 mol NaCl 17", 10 mmol Tris 1~ pH 7.0, 1 mmol
EDTA 17", The slides were washed twice in 2 x SSC at room
temperature for 15 min followed by 0.1 x SSC for 60 min at
65°C and dehydrated in an ethanol series. Autoradiography
was carried out at 4°C for 2~3 weeks by coating the slides in
Ilford K5 emulsion (Ilford Ltd, Cheshire). The slides were devel-
oped with Kodak developer D19 (Kodak, Rochester, New York)
fixed and counterstained with haemalum,

Immunohistochemistry

Cryostat sections were fixed with ice-cold acetone for 10 min
and rinsed in PBS. Endogenous peroxidase activity was
destroyed by incubation in PBS with 3% hydrogen peroxide.
Blocking was carried out with 10% rabbit serum in PBS fol-
lowed by incubation with primary antibody for 1h at room
temperature. Anti-cytokeratin antibody and macrophage CD68
antibody were from Dako (Copenhagen); Leu-M3 was from
Beckton Dickinson (San Jose). These were detected with
biotinylated rabbit anti-mouse followed by ABC peroxidase
(Vector Labs, Peterborough). Sections were counterstained with
haemalum and mounted in Depex (BDH, Poole).

Results

RT-PCR of VEGF

Total RNA from first trimester tissue and term placenta was
reverse transcribed and subjected to two rounds of amplifi-
cation by PCR using the primer pairs I, ] followed by G, H. Four
products identical in size to those described in endometrium of
nonpregnant patients were identified in all tissues examined
(Fig. 1). These were sequenced to confirm their identity, and
corresponded to mRNA species that predict VEGF isoforms of
189, 165, 145 and 121 amino acids, respectively. A control reac-
tion without input ¢cDNA gave no product, eliminating the
possibility of contamination (lane C). The ratios of the various

isoforms appear to vary slightly between some of the tissues
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Fig. 1. Agarose gel showing the products of nested reverse transcrip-
tion polymerase chain reaction (RT-PCR) amplification of cDNA using
primers I and ] followed by primers G and H. ¢cDNA was from the
following tissue: proliferative endometrium (lane 1), secretory endo-
metrium (lane 2), term placenta (3), amnion (4), chorion (5), first trimes-
ter trophoblast (6), first trimester decidua (7 and 8; 8 weeks and 10
weeks, respectively), BeWo choriocarcinoma cell (9), control reaction
with no input ¢cDNA (lane C). Markers (M) are 123 base pair (bp)
ladder. Sizes of the four vascular endothelial growth factor (VEGF)
isoforms are shown in base pairs.

shown; however, this pattern was not always consistent on
repeating the experiment with different samples, and probably
represents minor variations between samples from different
patients. The choriocarcinoma cell line BeWo was also found to
express the same four variants of VEGF mRNA. cDNA encoding
the 206 amino acid isoform was not seen in any of the tissues
examined.

In situ hybridization

First trimester.  To identify the site of expression of VEGF
mRNA, we carried out in sifu hybridization on samples of first
trimester decidua, trophoblast and term placenta. In first
trimester trophoblast, weak VEGF mRNA expression was
demonstrated in both cytotrophoblast and syncytiotrophoblast
surrounding the villi (Fig. 2c, d). Isolated cells within the villi
also expressed VEGF. These are probably Hofbauer cells, a type
of fetal macrophage within the villous mesenchyme, which stain
positively with the macrophage CD68 antibody (labelled H, in
Fig. 2d, f). In most villi, a moderate expression was seen; how-
ever, in some isolated villi all these mesenchymal cells were
expressing VEGF very strongly (data not shown). This suggests
that VEGF expression within each villus may be regulated by
local factors.

Hybridization was seen at several sites within the decidua.
Strong expression of VEGF mRNA was seen in glandular epi-
thelium (labelled G in Fig. 2d). Expression was also seen in scat-
tered cells within the decidual stroma. The strongest site of
VEGF expression was cells in the decidua at the uteroplacental
junction, immediately adjacent to Nitabuchs stria of fibrinoid
(Fig. 2¢, d). These cells could be extravillous trophoblast (EVT),
macrophages, stromal cells or large granular lymphocytes
(LGL), all of which occur in this region. Serial sections were

stained with cytokeratin to identify EVT, and Leu-M3 (anti-
CD14) to identify decidual macrophages (Fig. 2e, h). Hofbauer
cells in the villi at first trimester stain very weakly with Leu-M3;
these were therefore stained with CD68. This antibody was found
to stain both macrophages and stromal cells in the decidua (Fig.
2f). The serial sections suggested that the distribution of
strongly expressing cells did not match that of EVT identified
by the cytokeratin antibody (Fig. 2c¢, e). Sections of decidua,
taken away from the implantation site, which contained macro-
phages but no EVT showed a similar pattern of expression by
scattered cells, although the level of expression was lower
than at the implantation site (data not shown). Furthermore, the
distribution of these VEGF-expressing cells in the decidua did
not resemble that of large granular lymphocytes, which have
a characteristic distribution around glands (Fig. 2d, and
Bulmer and Sunderland, 1984). We believe that these cells are
macrophages.

Term placenta. In term placenta from elective Caesarian
sections, VEGF mRNA expression was demonstrated in syn-
cytiotrophoblast cells surrounding the villi. In addition, large
cells in the maternal decidual bed showed strong expression
(labelled E in Fig. 3c, d). Immunohistochemical localization of
cytokeratin in these cells in serial sections suggested that they
are extravillous trophoblast, which have invaded the maternal
bed (labelled E in Fig. 3c, ). Hofbauer cells, scattered within the
villous mesenchyme, were also seen to express VEGF mRNA,
as in first trimester villi (labelled H in Fig. 3¢, d).

Amnion and chorion were also analysed by in sifu hybridiz-
ation, since these were shown to express VEGF mRNA by RT-
PCR (Fig. 1). The amnion is a single layer of epithelial cells and
is nonvascular; however, VEGF was clearly expressed in this
tissue (labelled A in Fig. 4c, d). The pattern of expression in
the chorion was more complex with weak expression in the
layer of extravillous trophoblast (labelled T), and much stronger
expression in scattered cells in the fibrous layer of connective
tissue (Fig. 4c, d). Immunohistochemical staining of serial sec-
tions with antibodies suggest that these cells are tissue macro-
phages as their distribution closely matches that of cells staining
positively for CD14 (Fig. 4e). In addition, there are few large
granular lymphocytes at this site in term placenta (Bulmer and
Sunderland, 1984). There was no significant expression by fetal
macrophages (labelled F, Fig. 4e).

Discussion

The study reported here demonstrates the presence of mRNA
encoding VEGF in human decidua and trophoblast in first tri-
mester and term placenta. The same four isoforms that occur in
endometrium of nonpregnant patients were identified by RT-
PCR. The recently described VEGF,, isoform was not detected;
this isoform has been detected only in a fetal liver cDNA library
(Houck et al,, 1992). Peripheral leucocytes express only two
isoforms, VEGF . and VEGF, (Charnock-Jones et al,
1993); expression of the other isoforms is therefore clearly from
placental tissues. It is not clear from these data whether any cell
type expresses all these isoforms simultaneously. For example
human vascular smooth muscle cells express only three iso-

forms (Tischer ef al, 1991). However, in the study reported
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here, the choriocarcinoma cell line BeWo was shown to express
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Fig. 2. In situ hybridization analysis of vascular endothelial growth factor (VEGF) mRNA
expression at implantation site, (9 weeks gestation). Hybridization signal is shown as bright
grains in darkfield photomicrographs. Panel (a) was probed with sense control probe, (c) probed
with antisense VEGF probe. Panels (b) and (d) are darkfield photomicrographs of (a) and (c),
respectively. Villous trophoblast (V) is shown adjacent to maternal decidua (D), separated by
Nitabuch'’s layer (N). Hofbauer cells within fetal villi and which express VEGF are labelled H.
Glands within maternal decidua are labelled G. Panels (e), (f) and (h) are serial sections stained
immunohistochemically with anti-cytokeratin, anti-CD68 and anti-CD14 antibodies to detect
trophoblast and macrophages, respectively. Anti-CD68 stains Hofbauer cells in the villi, but
both macrophages and stromal cells in the decidua; Leu-M3 (anti-CD14} was therefore used to
detect macrophages (M in panel (h)) in the decidua. Panel (g) is a control section treated with no
primary antibody. All sections were counterstained with haemalum. Scale bar in (a) represents
100 pm.

VEGF ; lacks exon 7; and VEGF ,,

lacks exons 6 and 7. These

all four isoforms.

The four different isoforms of VEGF seen in reproductive
tissue arise from alternative splicing of exons 6—8 in the VEGF
mRNA. VEGF,, contains exons 1-8; VEGF ; lacks exon 6;

isoforms have significantly different properties. VEGF,; and
VEGF,,, are secreted by transfected mammalian cells, and con-
ditioned medium promotes endothelial cell growth. However,

VEGF,,, and VEGF,,, are poorly secreted, and conditioned
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GF) mRNA expression

in serial sections of term placenta. Panel (a) was probed with sense control probe, and (c) was probed
with antisense VEGF probe. Panels (b) and (d) are darkfield photomicrographs of (a) and (c), respect-
ively. Panel (e) is stained immunohistochemically with anticytokeratin antibody to detect tropho-
blast, and panel (f) is a negative control. Scattered cells within the villi that show VEGF expression are
probably Hofbauer cells (H). Extravillous trophoblast (E) in the decidua are strongly positive. All
sections were counterstained with haemalum. V: villous trophoblast; D: maternal decidua. Scale bar in

(a) represents 100 pum.

medium from transfected cells has little or no mitogenic activity
on endothelial cells (Houck et al., 1992). All four species induce
extravasation in a Miles-type assay, although the two larger
isoforms appear much more potent. VEGF,,; has not yet been
shown to have biological activity. This form contains exon 6,
which is believed to contain the nuclear targeting signal respon-
sible for the apparent intracellular sequestration of VEGF ;, and
VEGF,,, (Houck et al, 1992). It is therefore possible that
VEGF,,, may also be largely intracellular.

In situ hybridization has revealed several sites of synthesis of
VEGF mRNA in tissue obtained from first trimester pregnancy.
The cell types found to express VEGF mRNA in this study include
maternal glandular epithelium, and both fetal and maternal
macrophages. Synthesis was also seen in the villous trophoblast
around fetal villi but was not detected in EVT migrating

through the maternal decidua in the first trimester. However, at
term, EVT did express VEGF. Expression of VEGF mRNA has
been reported in a wide variety of both embryonic and adult
tissues (Ferrara ef al, 1991). In addition to tissues in which
angiogenesis is apparent, such as embryonic tissue, and the cor-
pus luteum in the adult ovary (Phillips et al., 1990), expression
has been shown in tissues undergoing no obvious angiogenesis.
These tissues include epithelial cells of lung alveoli, renal
glomeruli, adrenal cortex and cardiac myocytes, and this finding
has led to the suggestion that in these tissues VEGF might play
a role in regulating microvascular permeability (Berse ef al,
1992; Ferrara, 1992). It is possible that the VEGF synthesized
by EVT scattered in the maternal decidua in term placenta,
when large scale angiogenesis has ceased, plays a similar
role.
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Fig. 4. In situ hybridization analysis of vascular endothelial growth factor (VEGF) mRNA expression in
term amnion and chorion. Panel (a) was probed with sense control probe and (c) was probed with antisense
VEGF probe. Panels (b) and (d) are darkfield photomicrographs of (a) and (c), respectively. Amnion (A) and
trophoblast (T) are weakly positive in panel (d). Panels (e) and (f) are serial sections stained immunochisto-
chemically with anti-CD14 and anti-cytokeratin antibodies to detect macrophages, and trophoblast,
respectively. Maternal macrophages (M in panel {e) are strongly positive; however, fetal macrophages
gave no signal. All sections were counterstained with haemalum. Scale bar in (a) represents 100 pm.

On the fetal side of the placenta, the predominant site of expres-
sion is isolated cells within the placental villi, which are almost
certainly Hofbauer cells, which are fetally derived macrophages.
These are adjacent to fetal capillaries, and VEGF from these cells
may be involved in the extensive angiogenesis of fetal blood
vessels during placental growth. At term, these cells are still
expressing VEGF, and at this stage a role in the maintenance of the
endothelium or regulation of vascular permeability seems likely.

In the maternal decidua many cells express VEGF mRNA,
both at the site of implantation and at lower levels elsewhere in
the decidua. The pattern of distribution of these cells observed
in the study reported here when compared with serial sections
stained to visualize EVT and macrophages suggests that they
are macrophages. Formal demonstration of this will be possible
when an antibody to VEGF which is suitable for immunocyto-
chemistry becomes available. The increased expression by cells
at the implantation site adjacent to Nitabuch’s layer suggests

that either recruitment of a subset of highly expressing cells to
the site, or upregulation of VEGF expression by local factors
occurs. Nitabuchs layer is a zone of necrosis where the tropho-
blastic shell contacts maternal decidua. A similar phenomenon
has recently been reported at the necrotic margins of human
gliomas, where VEGF has been implicated in the angiogenesis
induced by these tumours in vivo (Shweiki et al,, 1992). These
authors hypothesized that VEGF expression is induced in
glioma cells by hypoxia, and results in a localized angiogenic
response. It is possible that localized hypoxia is responsible
for the high VEGF expression in macrophages adjacent to
Nitabuch’s layer; however, other local factors, such as cytokines
from fetal villi, could also be responsible. v

A possible role for the high levels of VEGF expression seen
at the site of implantation is suggested by recent measurements
of capillary diameter at the implantation site in rats (Tawia and
Rogers, 1992). These authors showed that large increases in
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capillary diameter occur in response to local signals associated
with the implanting embryo, and suggest that these are associ-
ated with alterations in the endothelial cells or the basement
membrane, It will be interesting to determine whether macro-
phages at the site of implantation in rats show high VEGF
expression. If so, VEGF, acting on the endothelial cells, could be
the factor mediating these effects on capillaries.

In osteopetrotic mice, which totally lack the cytokine colony-
stimulating factor-1 (CSF1), op/op females have fewer macro-
phages in the uterus (Pollard et al, 1991). These mice show
more fetal resorption and greatly decreased fertility. If macro-
phages play an important role in angiogenesis during placental
development, the failure of op/op mice to recruit macrophages
to the implantation site may explain the increased fetal
resorption seen in these mice.

The expression of VEGF by the glandular epithelium appears
to be under the control of steroid hormones. Oestradiol
increased VEGF expression in the adenocarcinoma cell line Hec
1A in vitro (Charnock-Jones et al., 1993). We have shown that in
endometrium of nonpregnant patients, VEGF expression by the
glands is greatly increased in the luteal phase of the cycle. This
finding suggests that progesterone does not antagonize VEGF
expression stimulated by oestradiol, but enhances preferential
expression in the glands, which is maintained into the first tri-
mester of pregnancy. It, therefore, seems likely that the high
expression of VEGF by glandular epithelium in the uterus of
pregnant females is mediated by steroids. Glandular expression
of VEGF is not localized to the implantation site. The whole
uterus undergoes considerable hypertrophy during pregnancy,
and VEGF produced by the glands may play a role in the
growth of the uterine vasculature which accompanies this.

This study has revealed a complex pattern of VEGF expression,
by glandular epithelium, villous and extravillous trophoblast, and
suggests an important role in angiogenesis for fetal and maternal
macrophages, by virtue of their location and high expression of
VEGF. Expression of VEGF appears to be controlled by several
factors including steroids, and local factors which may include
hypoxia and cytokines. In some patients with intrauterine growth
retardation, impaired placental blood flow is associated with a
reduction in numbers of blood vessels in secondary and tertiary
stem villi (Bracero et al., 1989; Kuhlmann ef al., 1990). It is possible
that alterations in the pattern of VEGF expression in early preg-
nancy play a role in these effects. It will be necessary to determine
whether the isoforms of VEGEF are differentially expressed at the
sites that we have identified and whether this pattern is altered in
placentae of patients with intrauterine growth retardation.
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