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SUMMARY: Vasculogenesis, the de novo formation of new blood vessels from undifferentiated precursor cells or angioblasts,
has been studied with experimental in vivo and ex vivo animal models, but its mechanism is poorly understood, particularly in
humans. We used the aortic ring assay to investigate the angioforming capacity of aortic explants from 11- to 12-week-old human
embryos. After being embedded in collagen gels, the aorta rings produced branching capillary-like structures formed by
mesenchymal spindle cells that lined a capillary-like lumen and expressed markers of endothelial differentiation (CD31, CD34, von
Willebrand factor [vWF], and fms-like tyrosine kinase-1 [Flk-1]/vascular endothelial growth factor receptor 2 [VEGFR2]). The cell
linings of these structures showed ultrastructural evidence of endothelial differentiation. The neovascular proliferation occurred
primarily in the outer aspects of aortic rings, thus suggesting that the new vessels mainly arose from immature endothelial
precursor cells localized in the outer layer of the aortic stroma, ie, a process of vasculogenesis rather than angiogenesis. The
undifferentiated mesenchymal cells (CD341/CD312), isolated and cultured on collagen-fibronectin, differentiated into endothe-
lial cells expressing CD31 and vWF. Furthermore, the CD341/CD311 cells were capable of forming a network of capillary-like
structures when cultured on Matrigel. This is the first reported study showing the ex vivo formation of human microvessels by
vasculogenesis. Our findings indicate that the human embryonic aorta is a rich source of CD341/CD312 endothelial progenitor
cells (angioblasts), and this information may prove valuable in studies of vascular regeneration and tissue bioengineering. (Lab
Invest 2001, 81:875–885).

A ngiogenesis (the sprouting of new blood vessels
from the differentiated endothelium of pre-

existing vessels) plays an important role in physiologic
and pathologic processes (Folkman, 1985). Angiogen-
esis occurs normally during embryonic development,
tissue regeneration, and the menstrual cycle and
pathologically in cancer, proliferative retinopathy, and
rheumatoid arthritis (Folkman and Shing, 1992). In
contrast, vasculogenesis (the de novo formation of
new blood vessels from undifferentiated precursor
cells or angioblasts) occurs mainly during embryonic
development (Risau, 1995). Vasculogenesis has been
studied with experimental in vivo and ex vivo animal
models, but its mechanisms, particularly in humans,
are poorly understood (LeDourain, 1973; Pardanaud et

al, 1987; Risau and Flamme, 1995). In an attempt to fill
this gap, we used the aortic ring assay developed by
Nicosia (Nicosia and Ottinetti, 1990; Nicosia et al,
1982) to investigate the angioforming capacity of
aortic explants from human embryos and the role of
vasculogenesis in this process.

Results

Outgrowth of Vascular-Like Cords from Aorta Ring
Explants

Aortic ring explants from 11- to 12-day-old embryos
embedded in collagen gels (Elsdale and Bard, 1972;
Nicosia and Ottinetti, 1990) were observed for up to 10
days. During the first 24 hours, there were no signifi-
cant changes, although a few spindly fibroblast-like
cells migrated into the matrix. Over the subsequent 24
hours, cohesive cellular cords began to sprout from
the aortic rings (Fig. 1, a, b, and c). The number of
cord-like structures was highly variable and difficult to
quantify because of the complexity of the three-
dimensional outgrowth and abundant fibroblast-like
cells. Few cords appeared to arise from the cut edges
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of the explant, whereas most emerged from adventitial
or intimal surfaces. By the third day, the cords had
grown haphazardly, dividing into branches and form-
ing complex arborizing patterns (Fig. 1d). At this time
some of the newly formed cords had regressed,
whereas others were still forming and developing into
capillary-like structures. Maximum cord elongation
(2–3 mm) was observed after five days. This was
followed by rapid regression, which was complete
toward the end of the week. These findings were
recorded in 70% of the cultures (n 5 15).

Characterization of Embryonic Aorta

Histological and immunohistochemical analyses were
conducted to characterize embryonic aortic tissue
before the in vitro culture in collagen gel. The embry-
onic aorta wall consisted of a well-formed endothelial
lining, an internal elastic lamina, and several external
layers of spindly mesenchymal cells. These cells were
arranged in compact fascicles and had ultrastructural
features of poorly differentiated smooth muscle, in-
cluding small bundles of myofilaments and surround-
ing elastic fibers (Fig. 2). At this time of embryonic
development, vasa vasorum were absent (Gilbert,
1997).

Immunohistochemistry showed that only the cells
lining the lumen stained strongly for CD31(Fig. 2a) and

von Willebrand factor (vWF) (data not shown), thus
confirming their mature endothelial phenotype. None
of the other cells constituting the aortic wall presented
a specific immunoreactivity for these antibodies. The
staining with CD34, an antigen typically expressed in
endothelial progenitor cells (Flamme and Risau, 1992;
Weiss and Orkin, 1996), clearly showed that not only
the lumen, but also the more peripheral/para-aortic
cells, expressed this antigen. In a serial section of the
same explant used for CD31 analysis, CD34 seems to
be expressed by the para-aortic tissue (Fig. 2b),
whereas, in several sections of different rings, it seems
to be constitutively and specifically expressed by the
external cells of the aortic wall (Fig. 2c), suggesting
that it is not, or not only, a para-aortic cell feature. The
external cell layer furthermore showed a strong reac-
tivity with antibody for fms-like tyrosine kinase-1 (Flk-
1)/vascular endothelial growth factor receptor 2
(VEGFR2), another marker of endothelial immaturity
(Hirashima et al, 1999; Yamashita et al, 2000), which
was also expressed by endothelial cells lining the
lumen (Fig. 2d).

Characterization of Vascular-Like Cords

The cellular phenotype of cords and capillary tubes
arising from aortic rings was investigated by light
microscopy, immunohistochemistry, and electron mi-

Figure 1.
Micrographs of collagen gel cultures of various human embryonic aorta explants. Vascular outgrowths arising from them are shown at different times of culture. a,
A single capillary-like structure surrounded by spindly mesenchymal cells after 48 hours of culture. b, Three large cords arising from the same area of an aortic explant,
photographed after 48 hours of culture. c, Incipient buds emerging from a wide area of an aortic explant cultured in collagen for 48 hours. d, Outgrowths of branching
capillary-like tubes after 72 hours of culture. The cords grow haphazardly and divide into branches to form a more complex arborizing pattern than at the earlier stages
seen in Panels a, b, and c. Scale bars: 25 mm (a, b), 50 mm (c, d).

Alessandri et al

876 Laboratory Investigation • June 2001 • Volume 81 • Number 6



croscopy. The outgrowths consisted of mesenchymal
spindle cells, sometimes forming aggregates with
central necrotic cores (Fig. 3a). Incipient formation of
capillary-like structures was often evident in areas
where mesenchymal cells were densely packed (Fig.
3, b and c). Cohesive cells with abundant cytoplasm
and prominent nuclei lined the capillary-type lumen of
these outgrowths. These endothelial-like cells tended
to form delicate networks of long straight channels
that sometimes branched at an acute angle (Fig. 4a).

Immunochemistry showed that the cells lining the
channels stained strongly for CD31 (Fig. 4, a and b)
and CD34 (Fig. 4c). They were also immunoreactive
for vWF, though less strongly (Fig. 4d). The surround-
ing mesenchymal cells, which were not organized in
vascular structures, were consistently negative for all
these markers.

Moreover, the cells forming neovessels, as well as
the endothelial cells lining the lumen, stained strongly
for Flk-1/VEGFR-2, as demonstrated by different mag-
nification in Figure 4, e and f. Interestingly, Figure 4e
shows one of the rare cases in which the microvessels
seem to originate both from the internal endothelial
layer and the periphery of the aortic section. This
phenomenon was recorded in approximately 1 of 20
sections analyzed. In an elevated number of histolog-
ical sections, in fact, the most of neovascular prolifer-

ation occurred primarily in the outer aspects of the
aortic rings (Fig. 4a), whereas, in a very limited number
of cases, it seemed to originate in the endothelial lining
of the aortic lumen (Fig. 4e).

These observations, together with the characteris-
tics of the untreated embryonic aorta (Fig. 2), therefore
suggest that neovessels arose mainly from immature
endothelial precursor cells (CD341/Flk11) of the aor-
tic external mesenchyme, ie, that vasculogenesis
rather than angiogenesis was the main process re-
sponsible for the vascular outgrowth in these cultures.

By electron microscopy, the aortic outgrowth was
found to be composed of an admixture of primitive
mesenchymal cells (Fig. 5, a and b), endothelial-lined
neovessels (Fig. 5, c and d), and cells with a mixed
mesenchymal/endothelial phenotype suggesting dif-
ferentiation of the mesenchyme into endothelium (Fig.
5b). The lining of the neovessels was composed of
differentiated endothelial cells connected by junc-
tional complexes. Endothelial cells exhibited a well-
defined luminal/abluminal polarity and rested on a thin
and discontinuous basal lamina. The endothelial cyto-
plasm contained abundant rough endoplasmic reticu-
lum (RER) with focally dilated cisternae, Golgi com-
plexes, pinocytotic vesicles, mitochondria, free
ribosomes, and secondary lysosomes including osmi-
ophilic myelin figures (Fig. 5, c and d). Immature

Figure 2.
Immunohistochemical characterization of untreated human embryonic aortae. The tissues were immediately fixed after recovery and then embedded in paraffin and
cross-sectioned. a, Aortic cross-section stained for CD31 antigen, showing that only the endothelial cells lining the lumen presented a strong and clear
immunoreactivity for this antibody. The other cells constituting the aortic wall were totally negative. b and c, Two representative sections of different explants
immunostained for CD34. b, Serial cross-section of the same aortic explant shown in Panel a. Not only did the endothelial cells lining the lumen display an intense
positive staining for CD34 antibody, but so also did the more peripheral cell layer that, in some sections, seemed to be a para-aortic tissue (b), in some others, a
constitutive layer of cells in the aortic external wall (c). d, The same layers of cells that positively stained for CD34 in Panels b and c also expressed fms-like tyrosine
kinase-1 (Flk-1), as shown by the immunohistochemistry conducted on a different tissue section. Scale bar: 160 mm.
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mesenchymal cells contained abundant glycogen, mi-
tochondria, and bundles of microfilaments with fusi-
form densities, which were particularly noticeable in
subplasmalemmal locations (Fig. 5, a and b). Cells
with a transitional phenotype between mesenchymal
cells and endothelium tended to align in longitudinal
arrays and establish junctional connections with one
another. This caused the separation of newly formed
luminal spaces from the surrounding extracellular ma-
trix (Fig. 5b). Cells sequestered within vascular lumina
as a result of these morphogenetic changes lost their

anchorages to the surrounding matrix and died, leav-
ing behind cytoplasmic debris that was eventually
found within differentiated neovessels (Fig. 5c).

Isolation of CD341 Precursor-Endothelial Cells

To isolate immature endothelial cells (CD341Flk11/
CD312) present in the aortic wall, freshly dissected
aortas were digested with collagenase-dispase solu-
tion. The resulting cell suspension was incubated first
with CD31 antibody-coated magnetic beads to re-
move differentiated endothelial cells and then with
beads coated with an antibody against CD34. This
procedure demonstrated that less than 1% of cells
were CD31-positive, whereas 29.5 6 2.5% of the cells
were CD34-positive (average 1.2 3 106 cells isolated
per aorta, n 5 4). This result was confirmed by flow
cytometry analysis (FACS) (Fig. 6).

To better characterize these cells at the time of their
isolation, some of them were plated onto dishes
coated with collagen-fibronectin (Asahara et al, 1997)
and cultured for a short time (24 hours) to avoid
differentiation in endothelial basal medium (EBM) sup-
plemented with 10% FCS and endothelial cell-growth
supplement (Alessandri et al, 1998). The day after
plating, these cells were fixed and stained with CD31
and vWF antibodies not showing immunoreactivity
(Fig. 7a).

Furthermore, to determine whether selected
CD341/CD312 cells could differentiate into mature
endothelium, they were seeded and cultured for 7 to
10 days in the same conditions described above. The
cells were then detached with trypsin and incubated
with anti-CD31–coated beads. As a result of this
treatment, 25 6 6.5% (mean of five experiments) of
the initial CD341/CD312 cell population differenti-
ated into CD341/CD311 cells (Table 1) which also
stained for CD31 and vWF by immunofluorescence
(Fig. 7, b and c), thus demonstrating the formation of
a more mature endothelial phenotype. Under the same
culture conditions, none of the CD312/CD342 cells
differentiated into CD341/CD311 cells, nor presented
the acquisition of specific immunoreactivity for vWF
(data not shown). To further confirm the process of
maturation, the CD341 cells were cultured for 2 to 3
weeks and then seeded on Matrigel to evaluate their
capability to form capillary-like tubular structures. In
addition to the mature endothelial cells (CD311) iso-
lated from the aortic lumen and cultured under the
same conditions, the CD341/CD311 cells were able
to form a net of capillary-like structures after 24 hours
of incubation (Fig. 7d)

Discussion

Despite the recent substantial increase in our under-
standing of the molecular mechanisms regulating em-
bryonic vasculogenesis and angiogenesis, there is still
much that needs to be learned, particularly in relation
to humans. In an attempt to fill a part of this gap, we
used the aortic ring assay (Nicosia and Ottinetti, 1990)

Figure 3.
Light microscopy of capillary-like structures sprouting from an aortic ring. a,
Transverse section through an irregular bundle of densely packed mesenchy-
mal cells with central necrotic area (*). b, Longitudinal section of digitiform
mesenchymal outgrowth showing central mass of cells at an early stage of
differentiation into capillary-like structures (arrow). c, Loosely organized
proliferation of mesenchymal cells with developing capillary-like structure
(arrow). This large cord may be an immature vessel structure and studies
using a time-lapse recorder are in progress to better evaluate the origin. Scale
bars: 100 mm (a, c), 50 mm (b).
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to analyze the vasculogenesis properties of 11- to
12-week-old human embryonic aortae.

In brief, the results of this study showed that human
embryonic aortic explants produce an intense out-
growth of capillary structures when cultured in a
three-dimensional collagen matrix, the in vitro forma-
tion of which resembles the in vivo physiologic pro-
cess of embryonic vasculogenesis. Our immunohisto-
chemical and ultrastructural findings suggest that
these outgrowths mainly arise as a result of the
differentiation of immature CD341 cells and not from
pre-existing endothelial cells (CD311), although this
latter process cannot be entirely excluded.

In fact, as shown by immunohistological data, im-
mature CD341 cells also express Flk-1/VEGFR-2,
another marker highly expressed on the endothelial
progenitors cells (Asahara et al, 1999; Hirashima et al,
1999; Peichev et al, 2000). They are spatially localized
in the more external mesenchymal layer of cells con-
stituting the aortic wall, in strict correlation with the
para-aortic tissue, which however does not contain
mature endothelial cells at this stage of development,
as demonstrated by their negative staining for CD31.

To the best of our knowledge, this is the first report
describing the ex vivo formation of human microves-
sels by vasculogenesis. A previous study conducted

Figure 4.
Immunohistochemistry of capillary-like structures arising from different aortic rings paraffin-embedded after 72 to 96 hours of culture in collagen matrix. a,
Cross-section of an aortic ring showing many CD31-positive cells organized into capillary-like channels. These outgrowths appear to arise from a mass of
undifferentiated mesenchymal cells at the periphery of the explant. b, Higher magnification of a selected area of the same explant represented in Panel a showing
the formation of long and branched channels. c, Capillary-like structures photographed at high magnification showing intense CD34 positivity; surrounding
mesenchymal cells are negative. d, Cells of incipient capillary-like channels within a mass of undifferentiated mesenchymal cells are immunoreactive for von
Willebrand factor (vWF). e and f, Cross-section of an aortic ring photographed at different magnification showing Flk-1 expression by endothelial cells lining the lumen
and by cells organized to form vascular-like channels. In this rare case, the vascular structures seem to originate from the internal layer of endothelial cells. Scale
bars: 100 mm (a, e), 50 mm (b, d, f), 25 mm (c).

Human Vasculogenesis Ex Vivo

Laboratory Investigation • June 2001 • Volume 81 • Number 6 879



by other authors on fragments of fetal human placenta
vessels did not investigate this origin of new capillary
formation (Brown et al, 1996).

Our data also indicate that the process of endothe-
lial cell (EC) differentiation in humans is different from
that using mouse embryonic stem cells (Balconi et al,

Figure 5.
Electron micrographs of cells from human embryonic aortic ring outgrowths. a, Primitive mesenchymal cells with dendritic cytoplasmic processes and occasional
junctional complexes (arrow) (33000). b, Mesenchymal outgrowths showing focal longitudinal alignment of mesenchymal cells into cord-like structure (arrows). The
cells, connected by junctional complexes (arrowheads), have surrounded a space free of extracellular matrix, which may represent a primitive lumen (asterisks)
(33000). c, Neovessel lined by endothelial cells connected by junctional complexes (arrowheads). The lumen contains cell debris. Endothelial cells rest on a thin and
discontinuous basal lamina (arrows) (33000). d, Neovessel surrounded by discontinuous basal lamina (arrow) and collagen fibrils. The endothelium exhibits
prominent pinocytotic activity, junctional complexes, and well-defined luminal/abluminal polarity. The luminal space is marked by an asterisk (33000).
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Figure 6.
Binding of anti-CD31 and anti-CD34 antibodies on total cell population obtained by enzymatic digestion of an aortic fragment, as measured by flow cytometry analysis
(FACS). Binding of anti-CD31 antibody (upper panel) revealed that a small percentage of cells, approximately 1%, express this antigen, according to the fact that only
the cells lining the lumen present a mature endothelial phenotype. The same aortic cell suspension stained with CD34 antibody (lower panel) shows a higher
percentage of immunoreactive cells (about 30%).
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2000; Yamashita et al, 2000). Indeed, in contrast to
mouse stem cells, the acquisition of CD31 antigen in
human vasculogenesis occurs after the maturation of
CD341 cells in culture. Furthermore, our findings
indicate that the human embryonic aorta is a rich
source of CD341/CD312 endothelial progenitor cells
(angioblasts), which are localized all along the external
layer of the aorta mesenchyme, probably in close
contact with the para-aortic tissue, which at this stage
of development does not contain mature endothelium.
We found that only 20% to 30% of the CD341 cells
isolated from aorta give rise to more mature endothe-
lium. The rest of CD341 cells have not yet been
investigated. A recent report of an investigation using
mouse embryonic stem cells (Yamashita et al, 2000)
suggests that endothelial and mural cells (pericytes

and vascular smooth muscle) may originate from the
same Flk-11 precursors, but we do not know if this
process occurs also in humans. However, we suggest
that among embryonic aorta, it may be possible to find
and isolate primitive CD341 Flk-11 cells that may
differentiate into various vascular cell phenotypes.
This may be an important new finding because it could
lead to the isolation of vascular stem cells, and a
number of previously published reports (reviewed by
Fuchs and Segre, 2000) have indicated the enormous
potential of multipotent stem cells in clinical
applications.

Given the strict correlation between the formation
and organization of the hematopoietic/endothelial
(Nishikawa et al, 1998) and nervous systems, the
possibility of combining the transplantation of angio-

Figure 7.
Immunofluorescence staining of CD341 cells and formation of capillary structures on Matrigel. Representative culture of CD341 cells after 10 days of growth on
collagen-fibronectin–coated chamber slide stained with anti-CD31(b) and anti-vWF (c). a, CD31 staining performed on CD341 cells 24 hours after plating revealed
no signal expression. At the same time in culture, vWF antigens were also absent. b, Light CD31 expression along the cell-cell contact borders. At the time of culture,
usually 20% to 30% of CD341 cells stained positively for CD31. c, Typical granular perinuclear positivity for vWF staining on CD341 cells. Its signal intensity and
distribution, but not its expression, are comparable to mature endothelial cells isolated from the adult human aorta (data not shown), confirming the immature
endothelial phenotype of CD341 cells. d, Capillary structures formed by CD341/CD311 cells 24 hours after seeding on Matrigel. The CD341/CD311 cells form
tube-like structures, with long vessel-like extensions interconnecting occasional clumps of cells. Scale bars: 17 mm (a, b, c), 250 mm (d).

Table 1. Differentiation of CD341CD312 Cells into CD341CD311 Cells after 10 Days of Culture

DAY 0 DAY 10

Antigen
selections

% of positive
cells

Antigen
expressions

% of positive
cells

CD341CD311 1.3 6 0.5 CD341CD311 25 6 6.5
CD341CD312 29.5 6 2.5 ————
CD342CD312 60.5 6 7 CD341CD312 69 6 8.3
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blasts/vascular stem cells and neural stem cells in
neurodegenerative diseases represents an appealing
approach toward improving the success of this inno-
vative therapy. Furthermore, angioblasts/vascular
stem cells could be used to investigate the molecular
mechanism involved in human endothelial cell matu-
ration and vasculogenesis, and our model may there-
fore also be valuable for vascular regeneration studies.
Finally, these cells offer an important alternative for the
clinical treatment of ischemia and other vascular dis-
eases and suggest possibilities for tissue bioengineer-
ing (Niklason, 1999) and gene therapy (Mulligan,
1993).

Materials and Methods

Preparation of Vascular Explants

Permission to use human material was obtained from
the ethical committees of the Neurological Institute “C.
Besta” and the Institute for Obstetrics and Gynaeco-
logy “L. Mangiagalli,” Milan, Italy. The tissue was
obtained following the ethical guidelines of the Net-
work for European CNS Transplantation and Restora-
tion (NECTAR), which is available online at
www.nesu.mphy.lu.se/nectar.

Aortas from normal embryos that were legally
aborted were obtained at the Obstetrics and Gynecol-
ogy Department of L. Mangiagalli Hospital, Milan, Italy.
The embryonic aortas were washed several times with
PBS and cleaned, care being taken not to damage the
vessel walls. Under a dissecting microscope, 1-mm-
thick rings were prepared and stored in DMEM at 4° C
for not more than 2 hours before use.

The explants were placed in collagen gel using a
published procedure with minor modifications (Nico-
sia and Ottinetti,1990). Briefly, 7 vol of type I collagen
solution (4 mg/ml) prepared from rat tail (Elsdale and
Bard, 1972), on ice, was mixed with 2 vol of endothe-
lial basal medium (EBM) (BioWhittaker, Walkersville,
Maryland), 53 normal strength, and 1 vol of HEPES
(0.2 M). Each well of a 12 multiwell plate was filled with
0.7 ml of collagen solution and left to gel in a humid-
ified incubator at 37° C for 1 hour. One ring per well
was placed on top of the gel and a further 0.5 ml of
collagen solution added to cover the material. After
the second collagen layer had gelled, 1 to 2 hours
later, 1 ml of EBM growth medium (Alessandri et al,
1998) was added. The plates were incubated for up to
10 days. The medium was changed every 2 days.

Isolation of Endothelial CD341/CD312 Cells

After removal, a section of aorta was rinsed several
times with PBS, minced rapidly with scissors, and
incubated overnight with 0.25% (w/v) collagenase-
dispase solution (Boehringer, Mannheim, Germany).
After centrifugation, approximately 13105 cells were
used for FACS analysis (CD31 and CD34 expression),
and the remaining cells were incubated with magnetic
beads coated with antibody to CD31 (DAKO, Carpin-
teria, California) (cell:bead ratio, 1:1). The CD31-
negative cells were recovered by centrifugation and

further incubated with magnetic beads coated with
antibody to CD34 (Dynal, Oslo, Norway). The CD341/
CD312 cells were recovered using a magnetic particle
concentrator (Dynal, Oslo, Norway) and cultured on
collagen type I (5 mg/cm2) and human fibronectin (1
mg/cm2) (Boehringer, Mannheim, Germany) coated
glass chamber slides (Nunc, Naperville, Illinois), in the
presence of EBM growth medium (Alessandri et al,
1998).

Immunocytochemistry of CD341/CD312 Cells

Twenty-four hours and 7 to 10 days after plating on
collagen-fibronectin substrata, the selected CD341/
CD312 cells were fixed in cold 4% paraformaldehyde
in PBS, pH 7.4, for 10 minutes at room temperature.
They were then washed twice with PBS (0.1%
Triton-X, if necessary), blocked with 10% normal goat
serum (NGS) (Gibco, Grand Island, New York) and
incubated with mouse anti-human CD31 and rabbit
antiserum to human factor VIII (respectively, 1:100 and
1:80) (Sigma, St. Louis, Missouri) for 90 minutes at
37° C. After two washings with PBS, the cells were
incubated, respectively, with a 1:300 dilution of cya-
nine dye-labeled goat anti-mouse and anti-rabbit im-
munoglobulin G (IgG) (Cy2; Jackson Immunoresearch,
West Grove, Pennsylvania) for 45 minutes at room
temperature. Air-dried cells were then mounted with
Fluorsave (Calbiochem, La Jolla, California) and pho-
tographed using a Zeiss Axiophot-2-microscope
(Oberkochen, Germany). To exclude false positives
produced by nonspecific binding of the secondary
antibody, the same cells were stained in a similar
manner with buffer substituting for primary antibody.
Cells that were negative for the beads-selection
(CD342/CD312) were used as negative controls.

Flow Cytometry Analysis on Freshly Digested Aorta

FACS was performed on the total mixed cell popula-
tion obtained from collagenase-dispase digestion of
an aortic fragment. Approximately 1 3 105 cells were
collected, double-stained, and incubated in the dark
for 30 minutes at 4° C with anti-CD34, FITC, and
anti-CD31 PE (Becton Dickinson, San Jose, California)
(dilution 1:10). The cells were then washed twice with
PBS and analyzed for fluorescence by flow cytometry
using a FACSscan (Becton Dickinson, Mountain View,
California).

Histology and Immunohistochemistry

Formalin-fixed tissues were included in paraffin fol-
lowing standard histology techniques. Four-
micrometer serial sections were transferred to glass
slides coated with poly-lysine and rehydrated by im-
mersion in 100% xylene and in a graded ethanol series
(100%, 95%, 90%, 80%, and 70%). Sections were
then heat treated in a microwave cooker to enhance
antigenicity and allow epitope unmasking: twice for 5
minutes each in 1 mM EDTA, pH 8, for CD31, CD34,
and vWF antigens, and three times for 4 minutes each
in 0.01 M buffer citrate, pH 6, for the Flk-1 antigen.

Human Vasculogenesis Ex Vivo

Laboratory Investigation • June 2001 • Volume 81 • Number 6 883



Endogenous peroxidases were inhibited for 15 min-
utes at room temperature (RT) with 3% hydrogen
peroxide. Samples were then blocked for 20 minutes
with 20% normal blocking serum, and the appropriate
mixture of primary antibodies was subsequently
added to serial sections: mouse anti-CD31 (clone
JC/70A, DAKO), diluted 1:10, 30 minutes at RT; mouse
anti-CD34 (Serotec, Raleigh, North Carolina), diluted
1:50, 30 minutes at 37° C; rabbit anti-vWF (DAKO),
diluted 1:20, 30 minutes at RT; and mouse anti-Flk-1
(Santa Cruz Biotechnology, Santa Cruz, California),
diluted 1:50, 45 minutes at RT. After washings, sec-
tions were incubated for 30 minutes with appropriate
secondary antibodies conjugated to biotin and pro-
cessed according to the avidin/biotin peroxidase
complex method with kit reagents (mouse IgG and
rabbit IgG Vectastain; Vector Laboratories, Burlin-
game, California). Peroxidase activity was shown with
3,3'-diaminobenzidine (Menarini-Biogenex, San
Ramon, California) in PBS, and counterstaining was
performed with hematoxylin-eosin. To exclude false
positives produced by nonspecific binding of the
secondary antibody, all of the tissues were treated in
the same manner with buffer substituting for the
primary antibody.

Cord Formation on Matrigel

Two hundred and seventy microliters of Matrigel (12.5
mg/ml) (Becton Dickinson, Bedford, Massachusetts)
at 4° C were transferred to prechilled 24-well culture
plates using sterile pipette tips that had been cooled
to 220° C before use. After gentle agitation to ensure
even coating, plates were incubated for 30 minutes at
37° C to allow the Matrigel to solidify. CD341/CD312
cells were then seeded at a concentration of 6 3
104/well in EBM growth medium (Alessandri et al,
1998). Cord formation was obtained after 24 hours of
incubation.

Electron Microscopy

Selected cultured explants were fixed in 2.5% glutar-
aldehyde immediately after preparation, postfixed in
osmium tetroxide, embedded in Epon-Aaraldite, and
observed under a Zeiss CEM 902 electron
microscope.
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