Development 100, 339-349 (1987)
Printed in Great Britain © The Company of Biologists Limited 1987

339

Vasculogenesis in the early quail blastodisc as studied with a

monoclonal antibody recognizing endothelial cells

LUC PARDANAUD!, CURTIS ALTMANN?, PAUL KITOS?, FRANCOISE DIETERLEN-LIEVRE!

and CLAYTON A. BUCK?

Unstitut d’ Embryologie du College de France, et du CNRS, 94736 Nogent-sur-Marne, Cedex, France

*Wistar Institute, 36th Street at Spruce, Philadelphia, PA 19104, USA
3Department of Biochemistry, Kansas Unuversity, Lawrence, KS, USA

Summary

QH1, a monoclonal antibody that recognizes quail
endothelial and haemopoietic cells, was applied to
quail blastodiscs in toto, in order to analyse by
immunofluorescence the emergence of the vascular
tree. The first endothelial cells were detected in the
area opaca at the headfold stage and in the area
pellucida at the 1-somite stage. Single cells then
interconnected progressively, especially in the an-
terior intestinal portal and along the somites building
up the linings of the heart and dorsal aortas. This

study demonstrates that endothelial cells differentiate
as single entities 4h earlier in development than
hitherto detected and that the vascular network forms
secondarily. The horseshoe shape of the extraembry-
onic area vasculosa is also a secondary acquisition. A
nonvascularized area persists until later (at least the
14-somite stage) in the region of the regressing primi-
tive streak.
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Introduction

The formation of the embryonic vasculature can be
considered in two separate stages. The first com-
mences in the extraembryonic membranes shortly
after the establishment of the mesoderm. It is evi-
denced by the formation of clusters of cells which
have been designated haemangioblasts and which
eventually give rise to the embryonic blood islands
(see review by Wagner, 1980). This process continues
with the subsequent appearance of vessels in the area
pellucida and in the embryo itself.

The second stage of vascular development occurs
during organogenesis after the formation of the
primitive embryonic vasculature is well underway. It
is distinguished from the first in that it is initiated not
by the differentiation of cells from the mesoderm,
but by the budding of preformed endothelial cells
from the established primary embryonic vasculature
(reviewed in Wagner, 1980; Sariola, 1985). Our
knowledge of this second stage, budding angiogen-
esis, has progressed rapidly due to the fact that the

cells can be readily identified and that several exper-
imental systems have been developed which have
allowed a detailed comparison of this process with
tumour angiogenesis and wound healing (Wagner,
1980; Schor & Schor, 1983; Sariola, 1985; Folkman,
1985). In contrast, our knowledge of the formation of
the primary embryonic vasculature has progressed
little since the studies of Sabin (1920). Earlier work
by Reagan (1915) established that the embryonic
vasculature arose in situ from the area pellucida
rather than by invasion of cells from the area opaca.
Sabin (1920) described the formation of plexi by the
coming together of small vessels, the fusion of vessels
into what she interpreted as syncitia, the formation of
the vascular lumen by what she perceived to be
liquefaction of cells, the gradual enlargement of
vessels along the major vascular routes, and finally,
the anastomosing of vessels in the area pellucida and
area opaca. Her observations have been refined by
more recent ultrastructural studies of vasculogenesis
in the area opaca (Gonzalez-Crussi, 1971; Murphy &
Carlson, 1978) and the area pellucida (Hirakow &
Hiruma, 1981, 1983). These investigations essentially
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confirmed many of the observations of Sabin with
some important exceptions. They found that what she
perceived as syncitia were, in fact, plexi of individual
cells and that her concept of lumen formation by
liquefaction of cells within syncitia was incorrect. As
pointed out by Gonzalez-Crussi (1971) and Hirakow
& Hiruma (1981, 1983) investigations into earlier
events in the establishment of the embryonic vascula-
ture require methods that allow the identification of
presumptive endothelial cells prior to their incorpor-
ation into microvessels. To this end, we began the
production of monoclonal antibodies which could be
used to detect vascular endothelial cells in the early
embryo. We report here the use of one such antibody,
designated QH]1, to follow vascular development in
the quail blastodisc with particular emphasis on
processes occurring within the area pellucida. A
preliminary description of this work has been pre-
viously reported (Buck, Dieterlen, Pardanaud, Kitos
& Altmann, 1985).

Materials and methods

Preparation of the blastodiscs

Eggs of the quail (Coturnix coturnix japonica) were incu-
bated for 24 to 30 h. Due to the developmental variations
between embryos, this timing provided all stages between
primitive streak and seven to eight pairs of somites. Eggs
were opened through the pointed end. Albumen was
trimmed away as thoroughly as possible from the yolk,
which was then poured into phosphate-buffered saline
(PBS). The blastodisc was then isolated by means of a
circular incision, carefully cleaned of yolk platelets and
separated from the vitelline membrane. It is particularly
important to eliminate yolk granules in order to achieve
translucence of the preparations. The blastodisc was next
positioned flat, ventral side down, in a Petri dish. Folds
were avoided carefully.

Fixation and immunostaining

Fixation was performed in 4 % paraformaldehyde in pH 7-4
PBS at 4°C during 2 to 3 h. The blastodiscs were then rinsed
twice in PBS at room temperature and further treated for
1h in two or three washes of 10 % methanol at —20°C for
1h. This step ensured their permeabilization to antibody
penetration.

The blastodiscs were rehydrated through a graded series
of 15-20 min baths of ethanol 100 %, 95 % and 70 % at 4°C
followed by one 50 % bath at room temperature and three
PBS washes. They were then immersed in 200 ul of pre-
immune rabbit serum diluted 20-fold and allowed to stand
overnight at 4°C. The next morning the preparations were
placed at room temperature for 45 min before pipetting out
the serum. After three PBS rinses (30min each) the
blastodiscs were immersed into 200 ul of the QH1-contain-
ing ascites fluid diluted 100-fold and let stand at 4°C
overnight. After 45 min at room temperature, the antibody
was removed and the three PBS washes were repeated.

200 ut of goat anti-mouse IgG (Nordic) coupled to fluor-
escein isothiocyanate diluted 50-fold were applied over-
night at 4°C. Again, after 45 min at room temperature,
three PBS rinses were performed.

Finally, the blastodiscs were dehydrated at room tem-
perature through successive 20 min baths in the following
order: ethanol 50 %, 70 %, 95%, 100 % twice, toluene
twice. The preparations were mounted ventral side up-
wards in Eukitt (Prolabo) and observed with either a Leitz
Dialux or a Zeiss photomicroscope III equipped with u.v.
epifluorescence.

Embryos prepared for immunostaining of sections were
fixed in Bouin’s fluid, dehydrated and embedded in paraf-
fin. They were treated through the same succession of baths
as blastodiscs, except that the methanol baths were omitted
and that each antibody exposure was for 30 min.

Grafting experiments

In order to demonstrate the species specificity of the
monoclonal antibody, combinations of quail and chick
tissues were performed in vivo. The grafted rudiment was
the aorta from 4-day quail embryos. This vessel has been
shown previously to give rise to an abundant progeny of
haemopoietic cells when grafted into a proper environ-
ment, i.e. the dorsal mesentery of the 3-day chick embryo.
Besides haemopoietic cells, endothelial cells are also found
to be grafted, which may be the ones originally present in
the vessel and/or newly formed ones. The aorta was grafted
into the coelom of a 3-day chick embryo. Cells from the
graft penetrate and blend into the dorsal mesentery of the
host (Dieterlen-Lievre, 1984a).

Monoclonal antibodies

Bone marrow cells were flushed from the tibias of 12-day
quail embryos. Balb/C mice were injected three times at
10-day intervals with 5x 10° cells suspended in PBS. 5 days
after the third injection, the spleens were harvested and
single cells fused with Sp2/0 myeloma cells as described in
Peault, Thiery & Le Douarin (1983). Hybridomas were
screened by immunofluorescence using 12-day quail bone
marrow cells (10° cells per well) incubated overnight in
Terasaki plates (Nunc) and fixed with 4% paraformal-
dehyde. 14 strongly positive hybridomas were selected and
cloned. Following three reclonings, 10 hybridomas were
selected for further study. All appeared to have the same
tissue specificities. QH1 was selected for use in these studies
because of its strong reactivity with paraffin sections of
quail embryos (Dieterlen-Lievre, 1984b).

Resuits

(A) Tissue and species specificity of the monoclonal
antibody QHI--

Fig. 1 shows a cross section of a 4-day quail embryo
treated with the monoclonal antibody QH1 and
subsequently with fluorescein-labelled goat anti-
mouse IgG. The antibody can be seen to react
essentially with two cell types, the endothelial cells
lining the dorsal aorta, common cardinal vein and
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Fig. 8. Schematic representation of the ontogeny of the
vascular network. It is clear that the emergence of
positive cells (solid circles) and their interconnection into
a vascular network in the area pellucida follows shortly
that in the area opaca. Also depicted is the comparatively
late acquisition of the ‘horseshoe’ shape (see Wilt, 1974)
of the extraembryonic blood forming area. Finally,
vascularization does not develop until later in the region
of the regressing primitive streak. go, area opaca;

ap, area pellucida; m, limit of the mesoderm.

of the developing heart and the area pellucida in the
region adjacent to the somites. By the 7-somite stage,
the vascular network has become more obvious and
the presumptive vessels of the area pellucida are
anastomosed with those of the area opaca. By the 5-
to 7-somite stage, endothelial cells have formed a
bridge in the posterior region of the area opaca and
the formation of the primary vascular tree is well
underway. Thus, the formation of the initial vascu-
lature from which all other vessels will arise occurs
within a few hours.

Sabin (1920) following vasculogenesis in living
blastodiscs explanted in vitro could identify endo-
thelial cells beginning with the 4- to 5-somite stage.
She noted also the rostral progression of vasculariza-
tion and its parallel progression with somite for-
mation. In addition, she was able to detect lumen
formation which is not possible here given the use
of whole, unsectioned blastodiscs. More recently,
Hirakow & Hiruma (1981, 1983) have studied vascu-
lar formation at the ultrastructural level. They were
able to follow the details of canalization but could not
observe the cells prior to their incorporation into
recognizable structures. Similarly, Gonzalez-Crussi
(1971) followed blood island formation at the ultra-
structural level, monitoring both haemopoiesis and
endothelium formation but again only after the pro-
cess was initiated. Both these groups have com-
mented on the necessity of a specific reagent, such as
the monoclonal antibody QH1, for following the
details of early vascularization.

Various model systems have been established to
study angiogenesis (Schor & Schor, 1983; Sariola,
1985). These systems all have in common the fact that

the development of the vasculature, be it in trans-
planted tumours or embryonic rudiments (Saxen,
Koskimies, Lahti, Miettinen, Rapola & Wartiovaara,
1986; Folkman & Handenschild, 1982; Sariola, 1985),
involves a seemingly invasive process. That is, the
transplanted tissue stimulates the budding of endo-
thelial cells from pre-existing vessels. These cells
penetrate the tissue fragment and establish the micro-
vasculature required for the maintenance of the piece
of tissue or tumour. These events may be fundamen-
tally different from the process of formation of the
primary vasculature shown here which clearly pre-
cedes later angiogenic processes and involves cells
arising directly from the mesoderm. Detailed com-
parisons of these two processes are now possible
using the antibody described here.

Attempts to characterize the antigen with which
the QH1 monoclonal antibody reacts have been only
partially successful. It clearly reacts with epitopes
only expressed on quail embryos not on chick. The
epitope is expressed on antigens found both within
the cytoplasm and on the cell surface as the antibody
will react with nonpermeabilized cells. The epitope is
found on several different molecules, as immunoblots
and immunoprecipitates reveal reactivity with mol-
ecules of varying molecular weights. In this sense, it
resembles another antibody MB1 (Peault ef al. 1983),
which also reacts with quail endothelial cells and
shows an affinity for several molecules ranging in M,
from 80 to 200x 10°, including quail IgM heavy chain
and alpha 2 macroglobulin (Labastie, Poole, Peault &
LeDouarin, 1986). While the determination of the
epitope (as opposed to any individual molecule)
recognized by antibodies such as QH1 and MB1 is of
obvious interest, the utility of the antibody at the
present time rests in its use as a marker to follow
specific developmental pathways. Using QH1 to
identify presumptive endothelial cells, it is now poss-
ible to follow, for the first time, detailed primary
vascularization of specific tissues, as well as design
experiments to perturb vessel formation in order to
gain some insight into factors (i.e. extracellular
matrix, proteases, growth factors, other cell types,
etc.) that may influence endothelial cell differen-
tiation and vascular morphogenesis.
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