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Letter to the Editor
MORPHOLOGIC STUDY OF ANGIOGENESIS IN VITRO

Dear Editor:

The mechanism of angiogenesis has not been defined precisely,
but it is likely that the process in vivo includes endothelial cell
migration, proliferation, and lumen formation (1). The successful
formation of capillary-like tubes has been described in cultures of
endothelial cells from various types of blood vessels, including bo-
vine adrenal capillaries (3,10,11,12), bovine aorta (2), human urn-
bilical vein (5~7), human dermal microvessels (5), and capillaries
obtained from rat epididymal fat pads (8,9). However, the precise
nature of angiogenesis in vitro has not been elucidated. In the pres-
ent study we used light and electron microscopy to study the angio-
genic processes of cultured endothelial cells that had been isolated
from bovine retina.

Bovine retinal capillary endothelial cells (BRCECs) were isolated
by the methods described by Folkman et al. (4). Ten bovine eyes
were dissected 5 mm posterior to the limbus and retinas were re-
moved. The homogenized retinas were centrifuged at 400 g for 5
min and the resultant pellet was resuspended in 20 ml of cold
Dulbeceo’s modified Eagle’s medium (DMEM, Nissui Pharmaceuti-
cal, Tokyo, Japan). Microvessels were trapped on an 83 pm nylon
mesh, transferred to a petri dish containing 15 ml of 0.5% collage-
nase (Sigma Chemical Co., St. Louis, MO), and incubated on a
gyratory shaker for 30 min. The resultant vessel fragments were
trapped on a 53 um nylon mesh, washed with cold DMEM and
centrifuged at 400 g for 5 min. The pellets were finally resuspended
in 20 ml DMEM with 10% fetal calf serum (FCS) supplemented by
1 ng/ml of basic fibroblast growth factor (bFGF). Afier about 3
days, colonies of BRCECs began to appear. BRCECs (2 X 10%)
were seeded on Type I collagen gels (Kokencellgen, Koken Co.,
Tokyo, Japan), derived from bovine dermis, in 12-well plates
(Corning Glass Works, Corning, NY) and cultured in DMEM con-
taining 10% FCS and 1 ng/ml bFGF. The type I collagen gels were
prepared as described by Yasunaga et al. (12). Specimens were
prepared for light and electron microscopy at Days 1, 3, 5, and 7
after being placed into culture. Endothelial cells plated on collagen
gels were fixed in situ with 4% glutaraldehyde in 0.1 M cacodylate
buffer solution for 24 h. The gels were detached from the dishes
and cut into small pieces. After washing in 0.1 M cacodylate buffer
and postfixation for 90 min in 1% cacodylate-buffered osmium
tetroxide, the specimens were dehydrated in a series of graded
alcohols and embedded in an epoxy resin. Semithin sections mea-
suring 1 pum were cut for light microscopy and stained with azur II;
thin sections were cut on an ultramicrotome (Porter-Blum MT II),
stained with uranyl acetate and lead citrate, and examined with an
electron microscope (JEM-100CX). Some specimens were also seri-
ally thin-sectioned.

The isolated BRCECs were characterized as endothelial cells by
immunohistochemical staining for von Willebrand’s factor.
BRCECs grown to confluency on the surface of collagen gels
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formed a monolayer of closely apposed cells at 1 day after plating.
Many of these endothelial cells were connected by intercellular
junctions. At this same time the initial stage of sprouting was ob-
served in the cytoplasm of some of the endothelial cells in the
monolayer. The sprouting portion of the cytoplasm had microfila-
ment bundles. At 3 days of culiure, BRCECs sprouted into the
collagen gels. The sprouting portion of the endothelial cytoplasm
had many microfillament bundles. Mitotic figures were found occa-
sionally in the BRCECs of the monolayer. Some BRCECs formed
capillary-like tubes that were usually located just beneath the sur-
face monolayer (Fig. 1). This tube formation had increased in both
number and length by 5 and 7 days of culture. Four distinct pro-
cesses of capillary-like tube formation were observed in this experi-
ment.

Type I: degeneration of cytoplasm within a single endothelial
cell. The tube began with the appearance of an area of degenera-
tion or cytolysis in a single endothelial cell (Fig. 2 a,b,¢). Serial thin
sections revealed the initial stage of tube formation to consist of the
formation of an osmiophilic membranous structure in the area of
degeneration (Fig. 2 a). The area of degeneration gradually became
larger, and resembled a vacuole (Fig. 2 b,c). The luminal side of the
vacuole had many pinocytotic vesicles, while portions of the ablu-
minal side were covered by a basal lamina-like material.

Type II: folding over of a single endothelial cell to form a junction
with itself. Two processes emanating from a single endothelial cell
became connected by a junctional complex, thereby forming a small
tube (Fig. 3).

Fic. 1. Light micrograph of cultured BRCECs at 7 days. BRCECs form
a capillary-like tube that is located just beneath the surface monolayer.
(X670).
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Fic. 2. Electron micrographs of serial sections of a capillary-like tube.
a. An endothelial cell with an area of degeneration (arrow). The area of
degeneration has an osmiophilic membranous structure. (X5100). b. The
electron lucent areas join together and become larger (arrow). (X4900). c.
The area of degeneration has a tube-like appearance. The luminal side of
the tube has pinocytotic vesicles and the abluminal side has areas with basal
lamina-like material (arrow). Other osmiophilic membrancus structures are
found around the lumen. (X18 800).

Fic. 3. Electron micrograph of a capillary-like tube. The small tube
consists a single endothelial cell folded over onto itself. A junctional com-
plex is present between the cytoplasmic extensions of the endothelial cell.

(X18 300).

Fic. 4. Electron micrographs of serially sections of a capillary-like tube.
a. A tube consists of a single endothelial cell and contains cell debris that
consists of vesicular, membranous and amorphous structures. (X4800). b.
Higher magnification of Figure 4a. The membrane, which probably repre-
sents the plasma membrane of a degenerative endothelial cell, is present
within the tube (long arrow). Basal lamina-like material is present in some
areas (short arrow). (X18 300).
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Fic. 5. Electron micrograph of a capillary-like tube. A tube is com-
posed of five endothelial cells that are connected by intercellular junctions.
Basal lamina-like material is present along portions of the albuminal side of
the tube. No cellular debris is seen within this tube. There are marginal
folds (long arrow) and an intercellular junction (short arrow) are present
between two endothelial cells. (X9500).

Type III: degeneration of a centrally located endothelial cell. In
some cultures a centrally placed cell within a cluster of endothelial
cells underwent degeneration, thereby creating a tube (Fig. 4 a,b).
The degenerative cell was surrounded by either a single intact endo-
thelial cell (Fig. 4 a,b) or by several endothelial cells that were
connected to each other by junctional complexes. These intact endo-
thelial cells had areas with basal lamina-like material (Fig. 4 b). This
type of tube contained cell debris, which represented the remnants
of the cell that had degenerated.

Type IV: two or more contiguous endothelial cells connected by
Junctions.  This type of tube was composed of two or more endothe-
lial cells that became joined by intercellular junctions (Fig. 5). Pino-
cytotic vesicles and marginal folds were seen on the luminal side of
the tube, and a basal lamina-like material was distributed unevenly
along the abluminal side. These tubes contained no cellular debris.

Using an in vivo model, Ausprunk and Folkman (1) determined
that new vessel growth took place as a series of sequential steps that
were similar regardless of the type of angiogenic stimulus. In brief,
they found that endothelial cells within a venule begin to degrade

 the basal lamina and to protrude through the wall of the vessel; the
migration of endothelial cells is associated with their linear align-
ment as they form a capillary sprout; a lumen is formed within the
sprout; mitosis is confined to endothelial cells distal to the leading
edge of the sprout. The changes seen in the BRCECs seen in the
present study are quite similar to those described above. The initial
stage of growth of the BRCECs was the sprouting of endothelial cell
cytoplasm into the collagen gels. Mitotic figures were not found in
the sprouting endothelial cells, but apparently were present in the

unaltered endothelial cells of the monolayer. Four types of tube
formation were observed.
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