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Summmary. Angiogenesis is the neovascularization or
formation of new blood vessels from the established
microcirculation. It is particularly important and
indispensable in a large number of normal and
pathological processes during pre- and post-natal life,
including neoplasia, inflammation, wound repair and
collaterization in response to ischemic stimuli. The
current interest in the role of neovascularization in the
transition from hyperplasia to neoplasia, as well as in the
tumour growth and metastasis, has brought about a large
number of studies on angiogenesis. The complex
processes of neovascularization, quiescent in the adult
organism, may occur rapidly in several circumstances,
with the implication of the following events: a)
endothelial cell (EC) and pericyte activation; b) basal
lamina degradation; ¢) migration and proliferation of EC
and pericytes; d) formation of a new capillary vessel
lumen; e) appearance of pericytes around the new
capillaries; f) development of a new basal lamina; g)
capillary loop formation; h) persistence or involution,
and differentiation of the new vessels; and i) capillary
network formation and, eventually, organization into
larger microvessels. The use of numerous “in vivo” and
“in vitro” systems has facilitated the assessment of
angiogenesis control, in which angiogenic (fibroblast
growth factors, vascular endothelial growth factor,
platelet endothelial growth factor, E series prostaglandin,
angiogenin, monobutyrin) and antiangiogenic (cartilage-
derived angiogenic inhibitor, thrombospondin,
protamine, platelet factor-4, interferon, angiostatic
antibiotics, steroids) substances intervene. Heparin and
heparin sulphate also play a key role in these
mechanisms. A greater knowledge of angiogenesis
control may lead to the development of a potential
therapy in angiogenesis-related processes.
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Processes in the development of new vessels.
Vasculogenesis and angiogenesis

In the development of new blood vessels, it is
necessary to distinguish between vasculogenesis and
angiogenesis (Risau et al., 1988; Risau and Lemmon,
1988; Demir et al., 1989). Vasculogenesis is the process
by which some vessels develop in the embryo, such as
the dorsal aortae and the posterior cardinal veins.
Histogenically, vasculogenesis is defined as capillary
development from differentiating endothelial cells (EC)
“in situ”. This process takes place in blood islands,
which originate from the splachnopleuric mesoderm.
After their segregation from the mesoderm, some
mesenchymal cells transform into nests of isolated cell
cords of hemangioblasts, which are the precursors of
both EC and blood cells. The peripheric cells of the
angioblastic masses differentiate into EC, while the
blood cell precursor cells are found in the centre of the
blood islands, wherein a lumen is developed. The newly
formed lumens soon coalesce (Gonzalez-Crussi, 1971;
Pardanaud et al., 1987; Coffin and Poole, 1988). Finally,
the smooth muscle cells and pericytes are aggregated
from undifferentiated mesenchyme.

Angiogenesis is the process characterized by the
formation of new blood vessels from an established
microvasculature during the development of the
embryonic vascular tree as well as in several normal and
pathological conditions during post-natal life.
Histogenically, it is defined as a mechanism of neo-
vascularization by the sprouting of capillaries from pre-
existing vessels.

In the present article, only the angiogenesis process
will be reviewed.

Incidence and importance of angiogenesis

Angiogenesis is indispensable in embryonic and fetal
development, as well as in a large number of normal and
pathological processes during post-natal life (Warren,
1979a,b; Schor and Schor, 1983; Folkman, 1985;
D’Amore and Thompson, 1987; Madri and Pratt, 1988;
Paweletz and Knierim, 1989). Therefore, the area
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involved in the study of angiogenesis is far-reaching,
covering numerous fields and many disciplines
(Auerbach et al., 1991).

During early embryonic development, new vessel
formation or neovascularization, is an important event
(Feinberg et al., 1991). Thus, a wide range of
investigations at cellular and molecular levels on
embryonic angiogenesis during organogenesis exist
(Stewart and Wiley, 1981; Ekblom et al., 1982; Risau,
1986; Risau and Ekblom, 1986; Risau and Lemmon
1988; Risau et al., 1988).

Angiogenesis is generally a quiescent process in the
adult organism. Nevertheless it may occur rapidly in
several normal circumstances. For example, the need for
additional vasculature is imposed on the cyclic evolution
of transient structures in the female reproductive system
(for review, see Findlay, 1986), including the sequential
maturation of ovarian pre-ovulatory follicles (Harris and
Eakin, 1949; Richards, 1980; Sato et al., 1982; Koos and
LeMaire, 1983; Makris et al., 1984; Frederick et al.,
1984; Rone and Goodman, 1985; Koos, 1986) and
subsequent development of the corpora lutea (Brambell,
1956; Jakob et al., 1977; Heder et al., 1979; Kanzani et
al., 1985; Goodman and Rone, 1985), cyclic extensions
and repair of the functional endometrium (Markee, 1940;
Abell, 1946; Foley et al., 1978; Christianens et al.,
1982), decidual transformation, implantation and
placentation (Edwards, 1980; Gospodarowicz et al.,
1985; Feinberg et al., 1991), and mammary gland
changes associated with lactation.

Furthermore, angiogenesis is an important component
of many pathological processes, such as chronic
inflammation, regeneration, wound healing, thrombi
organization, collateral circulation development,
neoplasias, and of several conditions in which the term
“angiogenic disease” has been proposed, since an
abnormality of capillary growth is their principal
pathological feature (Folkman, 1989). Among the
“angiogenic diseases” are hemangiomas, psoriasis
(Majewski et al., 1987), scleroderma (Kaminski et al.,
1984), rheumatoid arthritis, diabetic retinopathy (Davis,
1988) and neovascular glaucoma.

The role of angiogenesis in neoplasias is of great
interest, especially in the progressive growth and
metastases of solid tumours (Folkman, 1972, Schor and
Schor, 1983; Folkman, 1985a,b,c). This has brought
about a large number of descriptive studies on
angiogenesis, as well as studies on the possible
mechanisms involved in this process (Folkman, 1975,
1985a,b,c; D’ Amore and Thompson, 1987; Folkman and
Klagsbrun, 1987; Zetter, 1988; Paweletz and Knierim,
1989; Blood and Zetter, 1990).

Angiogenic phenomena

The regions of the vascular tree with angiogenic
capacity, the timing, pattern and the events of new blood
vessel formation, and some of the peculiar forms of
angiogenesis, will be considered in this section.

Regions of vascular tree with angiogenic capacity

In general, it is accepted that vascular sprouts
originate from the walls of pre-existing capillaries and
from small venules (Mc Cracken et al., 1979; Tano et al.,
1981; Sholley et al., 1984), but mainly from the latter
(Schoefl, 1963; Ausprunk and Folkman, 1977). Some
authors restrict the origin and point out that new vessels
arise only from the venous side of the circulation
(Phillips et al., 1991), specifically from small venules
which lack smooth muscle cells (Ausprunk and

Fig. 1. Femoral vein of the rat 5 days after PGE2 and triacetin
administration into the soft tissue surrounding it. Numerous vascular
buds arising from the vein are present (arrowheads). VL: Vein lumen;
IL: discontinuous internal elastic lamina. Semithin section; toluidine blue.
x 900
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Folkman, 1977). For others, the fact that the venules
were the predominant source, perhaps only reflects the
larger surface area of the venular plexus in certain
explored areas (Burger et al., 1983). Recently, it has
been demonstrated that vessels of greater calibre in the
venous side of the circulation, such as the rat femoral
vein, with a discontinuous internal elastic lamina and
smooth muscle cells in their media layer, are capable of
contributing to angiogenesis, on occasions with an
intense neovascularization (Fig. 1). Indeed, a single
application of prostaglandins E1 and E2 in triacetin
solution into the soft tissue surrounding the rat femoral
vein induces a sudden and intense angiogenesis, with the
vascular sprouts arising from the EC in the intima of the
vein (Diaz-Flores et al., 1994).

Although few 3H-labelled EC in small arteries have
been demonstrated during angiogenesis (Burger and
Klintworth, 1981), new vessels do not seem to originate
from the arterial side of the circulation.

Timing and pattern of capillary formation. Vision of
angiogenesis using scanning electron microscopy

Scanning electron microscopy of vascular casts has
been utilized to study the early changes in vasculature
responding to angiogenic stimuli (Burger et al., 1983;
Garbett and Gibbins, 1987; Forsman and McCormak,
1992). During the first hours, preformed capillaries and
postcapillary venules became widely distended and
tortuous, the postcapillary vein being affected more
extensively. In the walls of the venules, numerous
impressions occur, corresponding to marginating
leukocytes. Vascular sprouts originate from both venules
and capillaries, although predominantly from venules.
The sprouts appear rapidly, being seen as early as 27
hours after angiogenic stimuli (Burger et al., 1983).
Between three and five days, the number of sprouts is
intensely increased to produce a rich anastomosing
plexus. In some conditions, the process of neo-
vascularization may be extremely fast. For example,
throughout days 1 and 2 of the cycle, the hamster corpus
luteum vasculature grows from the existing theca
vessels. Flat veins, characteristic of the external surface
of a mature corpus luteum, appear at day 2. Involution of
the corpus luteum vasculature takes place throughout
day 3 of the cycle (Forsman and McCormack, 1992).

Events of new blood vessel formation

Angiogenesis is a multistep complex process which
has been considered in several studies under various
pathological conditions (Cliff, 1963; Schoefl, 1963;
Yamagami, 1970; Bar and Wolff, 1972; Cavallo et al.,
1973; Ausprunk and Folkman, 1977; Warren, 1979;
Sholley et al., 1984; Dvorak et al., 1987; Wakui et al.,
1988; Paku and Paweletz, 1991). Besides the
inflammatory phenomena which occur prior to and
during angiogenesis, the events essentially involved in
capillary growth in vivo include (Brenk, 1955; Cliff,

1963; Crocker et al., 1970; Yamagami, 1970; Inomata et
al., 1971; Ausprunk and Folkman, 1977; Schor and
Schor, 1983, Sholley et al., 1984; Folkman, 1985a.b.c;
Freemont and Ford, 1985; Furcht, 1986; D’ Amore and
Thompson, 1987; Madri and Pratt, 1988; Paweletz and
Knierim, 1989; Paku and Paveletz, 1991; Diaz-Flores et
al., 1992): a) EC and pericyte activation; b) degradation
of the basal lamina of pre-existing vessels by EC
(proteolytic destruction of the extracellular matrix); c)
EC migration from pre-existing vessels towards the
angiogenic stimulus; d) EC proliferation; e) migration
and proliferation of pericytes from pre-existing vessels;
f) formation of a new capillary vessel lumen (vascular

Fig. 2. Preformed postcapillary venule of rat surrounding epineural
microcirculation after angiogenesis stimulus and intravenous
administration of Monastral Blue (MB). MB particles have leaked
through interendothelial gaps and are present between the endothelial
cells (EC) and the pericytes (P), within the basal lamina. Ultrathin
section; uranyl acetate and lead citrate. x 8,000
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tube formation); g) appearance of pericytes around
the new capillaries (pericytes in angiogenesis); h)
changes in extracellular matrix with development of a
new basal lamina; i) capillary loop formation; j) early
changes in the newly formed vessels (persistence,
involution and differentiation); and k) capillary network
formation and eventually organization of larger
microvessels.

Although, stepwise, the current model of angio-
genesis is controversial, needing reconsideration,
(Schlingemann et al., 1991), our review will follow the
latter, referring to the doubts therein and including the
associated inflammatory phenomena.

Inflammatory phenomena associated with angio-
genesis:

New blood vessel formation is an orderly process
which is coordinated with inflammation, immunological
activity, debridement and fibroplasia (Jennings and
Florey, 1970; Auerbach, 1981; Peacock, 1984; West et
al., 1985). Thus, an inflammatory response, with
vascular dilation, increased vascular permeability, and
diapedesis of leukocytes may precede and accompany
the angiogenic phenomena (Mc Cracken et al., 1979).

Dilation of the blood venules and capillaries occurs
rapidly. For example, in corneal vascularization induced

Fig. 3. The increased vascular permeability during angiogenesis is demonstrated by the presence of extravascular fibrin (F) around both a parent
venule (A) and an advanced border of a new vessel (B) (arrowheads). EC: Endothelial cell; P: Pericyte. A) Semithin section. x 1,100. B) Ultrathin

section; uranyl acetate and lead citrate. x 12,000
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by silver nitrate, the dilation takes place within 1 hour
(Mc Cracken et al., 1979), intensifying progressively.
The connective tissue becomes edematous and
intercellular contacts between EC have been described
as opened (Ausprunk and Folkman, 1977; Dvorak et al.,
1988; Paku and Paweletz, 1991).

The changes in vascular permeability during
angiogenesis were studied using the intravenous
injection of different markers (Schoefl, 1963; Sugiura
and Matsuda, 1969; Yamagami, 1970; Garbett and
Gibbins, 1987), such as colloidal carbon or monastral
blue to label leaky vessels (Garbett and Gibbins, 1987,
Diaz-Flores et al., 1992) (Fig. 2). Preformed capillaries
and post-capillary venules become variably permeable to
the introduced colloid marker, the observed pattern
being different from the characteristic labelling pattern
produced by the inflammatory mediator, histamine
(Garbett and Gibbins, 1987). During angiogenesis, the
interconnecting networks of newly-formed vessels often
label strongly, especially along the advancing border of
new vessels, until the basal lamina is laid down and
pericytes emerge along the length of the sprout (Schoefl,
1963). The increased vascular permeability is also
demonstrated by the presence of extravascular fibrin
(Fig. 3) and dilated lymphatics. Extravascular fibrin

Fig. 4. Dilated perilimbal venule in the first stage of corneal
vascularization induced by silver nitrate in the rat. Inflammatory cells
(predominantly polymorphonuclear leukocytes) are seen passing
through the endothelial junction (arrow) and in the interstititum. Semithin
section; toluidine blue. x 700

deposits, which are found during inflammation, wound
healing (Madri and Pratt, 1988) and in the periphery of
tumours (Nagy et al., 1988), are important during
angiogenesis. Thus, neovascularization is induced by
fibrin gels in vitro (Nicosia et al., 1982) and in vivo
(Dvorak et al., 1987). Also, it has been demonstrated
that cultured EC synthesize fibronectin (Jaffe and
Mosher, 1978; Birdwell et al., 1978) and that the
growing capillaries produce fibronectin in situ (Clark,
1982a,b). During EC growth, the fibronectin may

Fig. 5. Preformed postcapillary venule after angiogenic stimulus. A
macrophage (M) appears trapped between endothelial cells (EC) and
pericytes (P), within the basal lamina. A pericyte in mitosis (PM) is
observed. L: Postcapillary venule lumen. Ultrathin section; uranyl
acetate and lead citrate. x 13,500
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mediate EC adherence (Clark, 1985) and chemotaxis
(Bowersox and Sorgente, 1982).

Within a few hours, intravascular accumulation of
platelets and polymorphonuclear leukocytes (PMNs)
occurs, with early diapedesis of leukocytes outside the
vessel lumen. This association of inflammatory cells
with the neovascularization in several processes is a
recognised observation (Clark and Clark, 1939; Mc
Donald, 1959; Grillo, 1963; Jennings and Florey, 1970;
Ross et al., 1970, Ryan and Spector, 1970). Indeed,
before and during vascular sprouting, inflammatory cells
are observed adhering to the endothelium of the parent
vessels, as well as passing through the endothelial
junctions and the pericyte-endothelial space. Between 1
and 6 h after angiogenic stimuli, the PMNs predominate
(Fig. 4). Thereafter, the number of monocytes/
macrophages increases, while the number of PMNs
decreases dramatically. Frequently, the monocytes/
macrophages, either individually or in small clusters of
two or three, simultaneously appear trapped between the
EC and the pericytes, within the basal lamina (Fig. 5).
The new vessels arise following the margination and
diapedesis of the leukocytes. In an immunohisto-
chemical study of the cellular events after chemical

[
A

Fig. 6. Bulging pericytes (P) from a limbal postcapillary venule with
shortening of their processes (arrows). Semithin section; toluidine blue.
x 900

cauterization of the murine cornea, it has been
demonstrated that the infiltrating cells which preceded
the ingrowth of new blood vessels are granulocytes and
inflammatory monocytes. On the contrary, macrophages,
T lymphocytes, eosinophils, or mast cells were not part
of the infiltrate before the appearance of new capillaries
(Sunderkotter et al., 1991). Leukocytes do not seem to
be essential for the initiation and continuation of
angiogenesis. For example, corneal vascularization has
been produced in the absence of leukocytes in rats and
rabbits (Sholley et al., 1978). Nevertheless, leukocytes
may have a facilitatory or augmentative role in
vascularization (Fromer and Klintworth, 1975a,b, 1976;
Polverini, 1977a,b; Sholley et al., 1978). Progressively,
fibrin material, erithrocytes, macrophages and dividing
fibroblasts appear in the interstitium. Usually, angio-
genesis is also accompanied, to a variable extent, by
fibroblast proliferation which participates in reparative
processes.

Endothelial cell and pericyte activation:
The earliest morphological changes in the normally

quiescent EC consist of hypertrophy with bulging in the
vascular lumen, nuclear enlargement, nucleolar

‘prominence, dispersal of the ribosomes into their free

form, increase in the number of organelles and the
formation of projections from their surfaces (Schoefl,
1963; Yamagami, 1970; Ausprunk and Folkman 1977;
McCracken et al., 1979; Burger and Klintworth, 1981;
D’Amore and Thompson, 1987). Increased endothelial
DNA-synthesis beginning at the onset of angiogenesis
has been described (Burger and Klinworth, 1981; Burger
et al., 1983). Proteases such as metalloproteases and
plasminogen activators are secreted from sprouting EC
(Pepper et al., 1990).

The pericytes also display modifications of
both their morphological characteristics and topo-
graphic relationship (Diaz-Flores et al., 1992) (Fig.
6). The first ultrastructural changes in the enlarged
pericytes from post-capillary venules include the
shortening of their processes and an increase in the
number of cytoplasmic polyribosomes (Fig. 7)
(McCracken et al., 1979) (see pericytes in angio-
genesis).

Basal lamina degradation:

The fragmentation and disappearance of the basal
lamina is a necessary step for the EC migration from the
mother vessels (Cliff, 1963; Schoefl, 1963; Ausprunk
and Folkman, 1977). Complete disintegration occurs on
the side closest to the angiogenic stimulus, coinciding
with those areas wherein the EC start to grow outwards,
while subtle alterations seem to appear around the whole
circumference of the parent vessel. Therefore, the EC
sprouts do not have basal lamina, but a homogeneous
provisional substratum with altered proteoglycans (Clark
et al., 1982a,b). The changes in the original basal lamina
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are due to proteolytic enzymes synthesized and secreted
by the activated EC (Rifkin et al., 1982; Montesano et
al., 1986; Moscatelli and Rifkin, 1988). Indeed, the
release of plasminogen activator and collagenase, in
response to angiogenic factors, has been demonstrated in
EC “in vitro” (Rifkin et al., 1982).

Endothelial cell migration:

Traditionally, it is considered that blood vessels grow
by means of a movement of EC (His, 1868). This fact of
EC migration is currently considered an important step
during angiogenesis (Ausprunk and Folkman, 1977). In
the initial phase of neo-vascularization, the EC degrade

Fig. 7. Preformed postcapillary venule after angiogenic stimulus. A
bulging pericyte (P) with increase in its size and in the number of
cytoplasmic polyribosomes is seen. A macrophage (M) appears
between the pericyte and endothelium (E). L: postcapillary venule
lumen. Ultrathin section; uranyl acetate and lead citrate. x 13,500

the vascular basement membrane of the parent vessel,
protrude through its wall and begin to migrate into the
interstitial space towards the angiogenic stimulus. Most
researchers agree that these changes precede endothelial
replication in such a way that migration and mitoses are
independent phenomena (Sholley et al., 1977a,b; Wall et
al., 1978). In other words, angiogenesis begins with
pseudopodia of migrating EC and progresses to the
proliferation of these cells (Matsuhashi, 1961, 1962;
Sugiura and Matsuda, 1969; Yamagami, 1970;
McCracken et al., 1979). Therefore, angiogenic stimuli
may operate through chemotaxis and EC mitosis may be
a secondary event (Sholley et al., 1977a,b; Folkman,
1982). When the entire EC migrates into the interstitium,

Fig. 8. Endothelial cell migration during angiogenesis. Bicellular or
bipolar configuration. Two endothelial cells (arrows) migrate from the
wall of the parent vessel towards the perivascular space. L: Parent
vessel lumen; ultrathin section. Uranyl acetate and lead citrate.
x 13,500
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other EC follow and loose EC sprouts or cords are
formed in the perivascular stroma. Two different types of
EC migration have been described (Paku y Paweletz,
1991): a) bicellular or bipolar configuration (Burger et
al., 1983; Folkman, 1984; Wakui, 1988), also termed as
telescoping formation (Sholley et al., 1984); and b)
linear formation with a single cell type (Folkman, 1986).
In the bicellular configuration (Fig. 8), two or more EC
migrate from the wall of the parent vessel towards the
perivascular space, forming nearly parallel processes
(Sholley et al., 1984; Wakui, 1988). The pair of EC,
attached to each other, with numerous free poly-
ribosomes and abundant intermediate filaments, may
appear in an area embedded within the wall of the parent
vessel, while their processes extend outwards in unison
to form the endothelial sprout with a narrow slit-like
lumen (Wakui, 1988). A giant dense body, has been
found in the cells forming the endothelial sprouts
(Furusato et al., 1984; Wakui, 1988). In the linear
formation (Fig. 9), a single EC projection and/or
pseudopod migrates into the surrounding connective
tissue from the parent capillaries (Ausprunk and
Folkman, 1977; Folkman et al., 1979; Furusato et al.,

1984, 1985; Folkman, 1984, 1986). In both cases of
migration, the EC aligned with one another to create a
solid sprout, or with intercellular slit-like lumina. The
elongation and proliferation of the EC progressively
lengthens the sprout.

During the process in which the EC protrude and the
vascular basement membrane is degraded, microscopic
bleeding may occur.

The presence of abundant contractile intermediate
filaments in the endothelium of the sprouts might be
important for the extension and migration of these
sprouts (Furusato et al, 1985; Wakui, 1988). Some
authors have reported the loosening of intercellular
contacts between migrating EC with other EC of the
mother vessels, suggesting that the disrupted cell
junctions may release EC from contact inhibition and
allow proliferation, while producing an increased
vascular permeability (Ausprunk and Folkman, 1977).
On the contrary, other investigators have never observed
opened intercellular contacts in the neighbourhood of
new capillaries, and are of the opinion that pre-existing
intercellular junctions contribute to a parallel movement
of the EC and preserve the inside-outside polarity of the

i W

Fig. 9. Endothelial cell migration during angiogenesis. Linear formation. A single EC projection or pseudopod (arrows) migrates into the interstitium

from the parent vessel. Semithin sections; toluidine blue. x 900
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sprouting EC (Paku and Paweletz, 1991).

The chemotactic behaviour of EC at the tips of
growing vessels is facilitated by the secretion of
plasminogen activator and collagenases (Moscatelli et
al., 1981).

The EC migration, in response to the extracellular
matrix, depends on the integrin family of cell adhesion
receptors (Leavesley, 1993). Indeed, attachment,
spreading and migration of EC are mediated by integrins
alfa2B1 and alfa4B3 (Leavesley, 1993). EC migration on
collagen and vitronectin is mediated by alfa4B3 and it
occurs in a calcium-dependent manner, while collagen
recognition by alfa2B1 promotes EC migration in the
absence of calcium (Leavesley, 1993).

Endothelial cell proliferation:

Mature endothelial cells, normally in a resting state,
show an extremely slow turnover rate (Algire et al.,
1945; Altschul, 1954; Sparagen et al., 1962; Folkman
and Cotran, 1976) of 2 months or more. Thus, using 3H-
Thymidine, the labelling index is lower than 1% in
normal capillary and venular EC of the retina, liver
(Tannock and Hayashi, 1972), myocardium, stomach
(Tannock and Hayashi 1972), striated muscle (Tannock
and Hagashi, 1972) and skin (Cavallo et al., 1972, 1973;
Tannock and Hayashi, 1972; Polverini et al., 1977b). For
example, it is 0.01% in capillary EC in the adult rat
retina. Since the turnover rates of EC are extremely low,

angiogenesis is generally a quiescent process in the
healthy adult organism (Shweiki et al., 1993).
Nevertheless, the EC can quickly convert to a
proliferative state during angiogenesis and in several
related processes, such as endothelium repopulation in
organ transplants, repair of large vessel defects and
thrombi recanalization (Cavallo et al., 1973; Folkman,
1984). However, EC proliferation is not absolutely
essential, since angiogenesis has been shown to take
place even in the absence of EC replication (Sholley et
al., 1984).

During angiogenesis, endothelial DNA synthesis
occurs in parent vessels before sprouting (Fig. 10), and
according to some authors as early as 6 to 8 hours after
an angiogenic stimulus is applied (Cavallo et al., 1973).
The increase of the turnover rate of EC can be
considerable. For example, the 3H-Thymidine labelling
index of EC increases to 9% in tumours (Denekamp and
Hobson, 1982). The time and the exact site of EC
division are controversial. For some investigators, EC
mitosis appear concomitant with sprouting (Sholley et
al., 1984), while most authors are of the opinion that EC
begin in mitosis after they start to migrate. The EC
mitosis appear in both the parent vessels (Fig. 11) and
the newly formed vessels. In the latter, it has been
pointed out that they occur at the tip (Clark and Clark,
1939, Hadfield, 1951), but it is accepted that when
capillary sprout budding begins, endothelial proliferation
takes place in cells following the “leader EC”, but not

Fig. 10. Autoradiograph of a preformed postcapillary venule after angiogenic stimulus. *H-labelled endothelial cells (EC) and pericytes (P) are present.

An EC in mitosis (M) is observed. Semithin sections; toluidine blue. x 1,150
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usually at their tips. In other words, the zone of
replication is closer to the parent vessel (Cliff, 1965;
Ausprunk and Folkman, 1977; Folkman, 1982, 1986;
Clark, 1985).

The ability of angiogenic stimuli to induce replication
in confluent EC is associated with disruption of cell-cell
contacts (Bavisotto et al., 1990). Likewise, the

replicative state and its ability to respond to endogenous
mitogens may depend on cytoskeletal organization, such
as microtubule destabilization or changes in the cell
shape (Liaw and Schwartz, 1993). Finally, the collagen
in the interstitium seems to have an influence on EC
proliferation (Madri and Stenn, 1982; Schor et al., 1983).

Migration and proliferation of pericytes from pre-
existing vessels (see Pericytes in angiogenesis):

Formation of the new capillary vessel lumen. During
angiogenesis, the endothelial cells form tubular channels
capable of carrying blood. Two distinct types have been
considered in the formation of the new capillary vessel
lumen (Wagner, 1980): a) previous intracellular
vacuolization in the endothelial cytoplasm of contiguous
cells which leads to intercellular canalization by
connection of the vacuoles (Sabin, 1920; Folkman and
Haudenschild, 1980; Furusato et al., 1984, 1985); and b)
initial intercellular canalization of adjacent endothelial
processes (Figs. 12 and 13), by curvature of the EC
(Lewis, 1925, 1931; Wakui, 1988). In general, it is
accepted that the lumen of the capillary sprout is formed
between the adjacent endothelial processes (Figs. 12,

—

Fig. 12. Formation of the new capillary vessel lumen by intercellular
canalization of adjacent endothelial cells. NCL: new capillary lumen;
VL: lumen of the parent vessel; EC: endothelial cells; P: pericytes.
Semithin section; toluidine blue. x 900

Fig. 11. A venule (V) and its capillary sprout (arrow) are shown. An
endothelial cell in mitosis (M) is observed in the parent vessel. Ultrathin
section; uranyl acetate and lead citrate. x 13,500
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13), budding off the wall of the parent vessels and
conserving their cellular polarity (Wakui, 1988). The
exact moment in which the lumen of the new capillary
connects with the parent vessel lumen has not been
clarified. It may be from the beginning or in the early
phases of the sprout formation (Yamagami, 1970; Bar
and Wolff, 1972; Cavallo et al., 1973; Dvorak et al.,
1988; Wakui, 1988; Paku and Paweletz, 1991). Some
authors consider that the new lumen evolves while the
sprouting EC are in the wall of the parent vessel (Wakui,
1988). In other words, the capillary sprout lumen may be
an elongation of the parent vessel lumen (Wakui et al.,
1988). Other authors are of the opinion that the new
vessel lumen appears first in the sprout, merging later
with the mother vessel (Ausprunk and Folkman, 1977;

-
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Folkman, 1984). So that the lumen is developed by
transversal division of the EC (Nicosia et al., 1982).

Pericytes in angiogenesis:

In the same way that EC are recognised as the
principal cellular component of neovascularization, there
is a controversy concerning the involvement of pericytes
before and during the different phases of capillary
sprouting (Burger and Klintworth, 1981). Regarding this
problem, four aspects should be taken into account: a)
the behaviour of the preformed microvasculature
pericytes; b) the involvement of pericytes in the different
stages of angiogenesis, including their incorporation to
the newly formed capillaries; c) the origin of pericytes in

Fig. 13. Different stages of new capillary vessel lumen formation. NCL: new capillary lumen; VL: lumen of the parent vessel; EC: endothelial cells;

P: pericytes. Ultrahin section; uranyl acetate and lead citrate. x 13,500
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the newly formed vessels; and d) the role of pericytes in
the regulation of EC proliferation during angiogenesis.
Information regarding modifications of pericytes at
the level of the preformed (pre-existing) capillaries and
postcapillary venules, from which the new blood vessels
must develop, is scarce (Cavallo et al, 1973; McCraken
et al., 1979; Burger and Klintworth, 1981; Diaz-Flores et
al., 1992). The studies in preformed microvasculature
pericytes reveal a sudden, brief and intense proliferation
during the initial phase of angiogenesis (Diaz-Flores et
al., 1992). Indeed, it has been pointed out that, after
angiogenic stimulus, the pericytes undergo hypertrophy,
with shortened processes, prominent nucleoli and
dispersal of ribosomes into their free form (Fig. 7).
Likewise, a decrease in contact surfaces between
pericytes and endothelium, disruption and fragmentation
of the pericyte basal lamina in some areas, and pericytic

Fig. 14. The relationship between an endothelial cell and a pericyte in a
growing capillary is shown. Cytoplasmic processes of the pericyte (P)
and EC caving in on each other are observed (arrows). VL: vascular
lumen. Ultrathin section; uranyl acetate and lead citrate. x 14,000

projections into the extravascular space have been
observed (Fig. 6). In these conditions, many of the peri-
cytes undergoing mitosis and autoradiographic studies
show an increased DNA synthesis in pericytes and EC of
the parent vessels (Fig. 10) (Schoefl, 1963; Cavallo et
al., 1972, 1973; Sholley et al., 1977a,b; Burger and
Klintworth, 1981; Diaz-Flores et al., 1992). In other
words, the preformed microvasculature pericytes are
substantially activated during post-natal angiogenesis,
suggesting that they may contribute to the origin of new
cells (Diaz-Flores and Dominguez, 1985; Diaz-Flores et
al., 1988, 1989, 1990a,b, 1991a,b, 1992).

The second aspect is concerned with the question of
pericyte involvement in the different stages of capillary
sprouting. In the early stages of angiogenesis, the
relationship between pericyte and endothelium remains
unclear. Most of the authors are of the opinion that the
involvement of capillaries with pericytes occurs at the
end of the proliferative stage, following lumen formation
(Folkman and Haudenschild, 1980; Folkman and
Klagsbrun, 1987; D’Amore and Thompson, 1987;
Paweletz and Knierim, 1989; Blood and Zetter, 1990).
However, the number of pericytes increases when there
is vascular proliferation (Schlingemann et al., 1990;
Diaz-Flores et al. 1992) and EC may undergo mitosis
when they are closely associated with pericytes (Cavallo
et al., 1973; Sholley et al., 1977, Diaz-Flores et al.,
1992a). The alternative possibility of an early
recruitment of pericytes during angiogenesis has also
been pointed out (Crocker et al., 1970; Inomata et al.,
1971; Verhoeven and Buyssens, 1988; Schlingemann et
al., 1991; Nehls et al., 1992). Even the authors that
consider an early incorporation of pericytes to the
vascular sprouts, do not agree on the moment of
occurrence. Thus, some authors describe the presence of
pericytes surrounding the buds when the endothelial
cells extend and/or migrate to form the endothelial
sprout (Fig. 9), or when slit-lumen appear in them
(Yamagami, 1970; Crocker et al., 1970; Inomata et al.,
1971; Wakui, 1988). Other researchers believe that slit-
like lumens develop when no pericytes are visible,
pointing out that the first appearance of pericytes around
the newly formed vessels bears no relationship to the
development and organization of the basal lamina (Paku
and Paweletz, 1991). The type of relationship between
endothelial sprouts and nascent pericytes is also not
totally clear. The fusion of pericytes with the
endothelium at the point of active angiogenesis (Crocker
et al., 1970; Inomata et al., 1971), and the presence of
cytoplasmic processes of pericytes and EC caving in on
each other (Wakui, 1988; Furusato et al., 1990) have
been observed in the early stages of neovascularization
(Fig. 14). Recently, nascent pericytes showing cellular
processes advancing at the tips of endothelial sprouts
have been described during angiogenesis. In this way,
the gaps between opposing endothelial sprouts are
bridged by pericytic processes, suggesting that pericytes
may serve as guiding structures for EC outgrowth (Nehls
et al., 1992). Therefore, capillary sprouting could
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include coordinated growth of both EC and pericytes
(Nehls et al., 1992).

Another open question is concerned with the origin of
pericytes in the newly formed vessels. The hypotheses of
a primitive origin from mesenchymal cells derived from
blood monocytes around new vessels (Crocker et al.,
1970), or from the EC of pre-existing vessels (Nakayasu,
1988) have been abandoned. Several observations
suggest that they may evolve from perivascular
fibroblasts (Nakayasu, 1988; Rhodin and Fujita, 1989;
Nehls et al., 1992). In the corneal stroma, for example,
pericytes of newly invading vessels may develop from
keratocytes (Nakayasu, 1988). Likewise, formation of
capillary-like tubes by vascular EC cocultivated with
keratocytes has been described (Nakayasu et al., 1992).
The following steps have been hypothesized in the
supposition that fibroblasts acquire pericytic
characteristics (Nehls et al., 1992): a) establishment of
contacts between endothelial sprouts and fibroblasts; b)
the periendothelial cells may start expression of desmin;
and c) the periendothelial cells, or pericytes acquire
smooth muscle-like features and begin to express SM
alpha actin (Nehls and Drenckhahn, 1991). It has also
been indicated that preformed pericytes of nonmuscular
pericytic microvasculature contribute to the origin of
new pericytes or other related cells (Cliff, 1976; Diaz-
Flores et al., 1991a,b). Finally, the vascular smooth
muscle cells have been considered as a possible
precursor of pericytes due to the phenotypic similarities
between both types of cells (Diaz-Flores et al., 1994),
including certain smooth-muscle type proteins (Joyce et
al., 1984a,b, 1985; Herman and D’Amore, 1985;
Fujimoto and Singer, 1987; Skalli et al., 1989), as well
as the gradual transition existing between both types of
cells (Sims, 1986; Diaz-Flores et al., 1991b).

Finally, among the functions attributed to pericytes is
a role in angiogenesis regulation (Kuwabara and Cogan,
1963; Crocker et al., 1970; Ordlidge and D’ Amore,
1987). The absence of pericytes at the tips of migrating
EC is believed to stimulate EC mitosis, while their
presence in the older regions of the growing capillaries
may inhibit EC proliferation and migration (Ordlidge
and D’ Amore, 1987; Sato and Rifkin, 1989).

Changes in extracellular matrix. Formation of a new
basal lamina:

Although the basal lamina degradation has already
been described, it will be considered along with the
changes in the extracellular matrix. Indeed, during
angiogenesis, local proteolysis of the basement lamina of
the parent vessels and subsequent degradation of
interstitial matrix are observed (Rifkin et al., 1982;
Kalebic et al., 1983; Madri et al., 1983). In quiescent
microvasculature, laminin, fibronectin, entactin, heparan
sulphate proteoglycan and collagen types IV and V are
present in the basement lamina (Kanwar and Farquhar,
1979; Foidart et al., 1980; Bender et al., 1981; Pepper
and Montesano, 1990). Initially, the active EC secrete

matrix degrading enzymes, such as plasminogen
activator and collagenase, causing fragmentation of the
basement lamina (Folkman, 1982). Likewise, the
components of the microvascular extracellular matrix,
such as fibronectin, laminin and collagen Types I, III, IV
and V, undergo dramatic changes (Nicosia and Madri,
1987), while EC undergo tube formation and extension
(Folkman and Haudenschild, 1980; Folkman, 1986). In
the initial stages of developing microvessels, fibronectin
is the predominant component of the provisional matrix,
making up a delicate fibrillary network. Fibrils of type V
collagen, patchy amorphous deposits of laminin and
Type IV collagen, and rare to absent fibrils of Type I and
[II collagen have also been described (Nicosia and
Madri, 1987). Progressively, the deposits of fibronectin
decrease, becoming discontinuous, while laminin and
type IV collagen increase, accumulating and forming a
continuous feltwork in the subendothelial space. In
the late stages of angiogenesis, increased amounts of
Types I and III collagen in the perivascular space are
observed.

In some conditions, greatly thickened and/or
multilayered basal lamina have been described in newly
matured vessels (Szalay and Pappas 1970; Smelser and
Ozanics, 1972). The possibility that this is due to
repeated episodes of EC death and regrowth has been
considered (Vracko and Benditt, 1970).

Capillary loop formation:

A short distance away from the parent vessel, the

Fig. 15. The processes (arrows) of a pericyte (P) bridge between two
capillary sprouts and they may serve as guiding structures for the fusion
of sprouts into continuous capillary loops. Semithin section; toluidine
blue. x 900
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capillary sprouts, whose tips contain migrating EC,
begin to branch and join other tips to form capillary
loops. Other capillary sprouts then appear from these
loops to form a plexus.

How capillary sprouts find each other to fuse into
continuous capillary loops is an unsolved problem. It
has been suggested that pericytic processes, which
seem to bridge the gap between the leading edges of
opposing endothelial sprouts, may serve as guiding
structures for the outgrowth of EC (Nehls et al., 1992)
(Fig. 15).

The capillary loop formation is well demonstrated
during angiogenic reaction in the cornea, wherein
secondary sprouts develop from the growing tips
of initial sprouts, leading to a “brush border”
morphology (Muthukkaruppan and Auerbach, 1979;
Muthukkaruppan et al., 1982).

Early changes in the newly formed vessels.
Persistence, involution and differentiation:

During angiogenesis, a substantial number of newly
formed vessels regress (Meyer, 1852; Clark and Clark,
1939; Szalay and Pappas, 1970; Ausprunk et al., 1978;
Latker and Kuwabara, 1981; Azmi and O’Shea, 1984,
Latker et al., 1986; Spanel-Borowski and Mayerhofer,
1987). Indeed, immature vessels seem to require
angiogenic stimuli to persist (Ausprunk et al., 1978),
regressing when the stimuli are removed.

The sequence of events in the vessel regression is
variable (Ausprunk et al., 1978; Azmi and O’Shea,
1984; Spanel-Borowski and Mayerhofer, 1987). Two
main types of vascular regression may be considered
(Ausprunk et al., 1978; Azmi and O’Shea, 1984). In the
first type (Ausprunk et al., 1978), aggregation of

Fig. 16. Vascular regression during angiogenesis. Aggregation of platelets (P), stasis of blood (H) and degeneration of endothelial cells (EC) are
observed. A, B and C. Semithin sections; toluidine blue x 900. D. Ultrathin section; uranyl acetate and lead citrate. x 13,500
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platelets, stasis of blood, vessel occlusion and
degeneration of vessel wall cells are the most important
findings (Fig. 16). The platelets accumulate and adhere
to the endothelium of the regressing vessels.
Furthermore, fibrin polymerization, stasis of blood and
vessel occlusion by erythrocytes occur. Some of the
erythrocytes also leak out into the interstitium. Due to
the above, the presence of immature and involutive
capillary aggregates, containing accumulated but
frequently degranulated platelets, may behave as a
“paracrine organ”. On occasions, the EC become very
thin or fenestrate. At other times the EC at the distal tips
of the capillaries show organelle swelling, vacuolization,
plasma membrane disruption and cytolysis followed by
granular material deposition into the interstitium.
Finally, mononuclear cells remove vascular debris.

In the second type of vascular regression (Azmi and
O’Shea, 1984), the endothelial delection is the greatest
finding (Fig. 17). The following steps need to be

considered: a) protrusion of some individual EC into
capillary lumen; b) formation of adherence junctions
between the protruded ECs and other EC; c) nuclear and
cytoplasmic condensation; d) cellular and nuclear
lobation and fragmentation; e) disruption of cell
organelles and loss of plasma membrane integrity and
cytoplasmic density; and f) engulfment of degenerate
cell fragments by viable mural EC.

Once some of the new vessels reach the source of the
stimulus, there is a flow decrease in the less advanced
vessels which then regress (Auerbach et al., 1991). At
the same time, the vascular regression seems to occur
first in the smallest distal capillary branches, probably
because blood flow within them is sluggish (Ausprunk et
al., 1978).

The regressive behaviour of blood vessels depends on
the tissue. For example, in the cornea of some animals
the newly formed vessel may disappear when the
angiogenic stimulus is removed or ceases (Zauberman et

Fig. 17. Vascular regression during angiogenesis. Endothelial delection and engulfment of degenerate cell fragments by viable mural endothelial cells
are observed. EC: endothelial cells. Ultrathin sections; uranyl acetate and lead citrate. x 13,500
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al., 1969; Ausprunk et al., 1978). On the contrary, newly
formed blood vessels can persist in human corneas
(Cogan, 1949). Likewise, in normally vascular tissues,
regenerating blood vessels do not all regress (Jennings
and Florey, 1970).

With regard to differentiation, the newly formed
microvasculature may be influenced by the tissues
within which it develops. Thus, although neo-
vascularization in metastasic tumours arises from the
blood vessels of the receptor site, it can acquire the
morphological characteristics of the primary organ
vessels in which the neoplasm originates. In other
words, the new vessels can differentiate according to
tissue specificity.

Capillary network formation and organization into
larger microvessels:

The mechanism by which a functional circulation
is established during post-natal angiogenesis is difficult
to explain (Phillips et al., 1991). This mechanism may
be undertaken in two different ways, both of which are
probably associated (Burger et al., 1983; Philips et al.,
1991; Diaz-Flores et al., 1994): 1) by remodelling the
newly formed capillaries (Fig. 18) and their parent

vessels; and/or 2) by anastomoses of the new capillaries
with pre-existing vessels of greater calibre in the venous
and arterial sides of the circulation. The first possibility
is based on the development of arteries and veins from
capillary vessels, which would require a lateral EC
proliferation and the presence of appropriate mural cells
(pericytes and smooth muscle cells). Consistent with the
second possibility for the venous side of the circulation,
recent observations have demonstrated anastomoses of
the microvessels originating from the small venules and
capillaries with others arising from the veins (Diaz-
Flores et al., 1994). As far as the arterial side of the
circulation is concerned, a similar procedure does not
seem likely, since new vessels have not been observed
arising from arteries or arterioles. Nevertheless, an
inverse process is possible, since ingrowing capillaries in
the arterial wall have been described in several
conditions (Diaz-Flores and Dominguez, 1985; Diaz-
Flores et al., 1990a).

Peculiar forms of angiogenesis
Numerous forms of angiogenesis have been

described. By way of examples, the vascularization of
naturally avascular structures and tissue grafts, the
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Fig. 18. Remodelling of the newly formed capillaries growing into a polyvinyl foam (F). L: vessel lumen; EC: endothelial cells; P: perivascular cells.

Semithin section; toluidine blue. x 900
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growth intussusceptive in the post-natal pulmonary
microcirculation, the angiogenesis during the formation
of neovascular collateral vessels, the intimal
vascularization of arteries and the tumour angiogenesis
will be considered.

Vascularization of naturally avascular structures:

An example is the invasion of the cornea by blood
vessels from the pericorneal plexus, an event that occurs
widely in a variety of pathological states (Cogan, 1949).

The resistance of certain tissues to vascular invasion
has been studied by means of explanting them onto
chick chorioallantoic membrane (Eisenstein et al., 1973).
In these conditions, the tissues, which normally have a
blood supply, are rapidly invaded by host vessels. The
tissues devoid of blood vessels behave in two opposing
ways. Thus, hyalin cartilage is impenetrable by neo-
vascularization, unless it is calcified, while the stroma of
the cornea is readily penetrable, although Descemet’s
membrane forms a barrier against invasion by host
microvessels.

Neovascularization of tissue grafts:

Neovascularization of tumours using syngenic in vivo
models and of normal tissue grafts has been investigated

Fig. 19. A new capillary growing within the old basal lamina of a necrotic
vessel (arrows) is observed. EC: endothelial cell; P: pericyte. Ultrathin
section; uranyl acetate and lead citrate. x 12,000

(Ausprunk and Folkman, 1977; Warren, 1979a; Paku and
Paweletz, 1991). When re-vascularization of normal
tissue grafts occurs, it is the result of the pre-existing
graft vessels fusing with the host circulation (Folkman,
1976; Sasaki et al., 1991). Thus, newborn mouse
cerebral cortex tissues transplanted into the third
ventricle of rats show endothelial cells originating from
both the host brain and the grafted mouse cerebral
cortex, the latter expressing mouse-specific I ad antigen
(Kohsaka et al., 1989). During neovascularization in the
early stages of rat splenic autografts, it has been
suggested that pre-existing sinus endothelial cells re-
arrange themselves after devascularization and
reconstitute a characteristic complex structure that
anastomoses with the invading capillaries from the
connective tissue surrounding the graft (Sasaki et al.,
1991).

In zones of focal necrosis or in related circumstances,
such as grafts of autologous tissues, new EC sprouts
from uninjured vessels can grow within the old basal
lamina of necrotic vessels (Fig. 19), which provide a
scaftold for the new vessels (Vracko and Benditt, 1970).

Growth intussusceptive in the postnatal pulmonary
microcirculation:

An example of another proposed mechanism of
microvascular growth is that termed as growth
intussusceptive in the post-natal pulmonary micro-
circulation. The authors who present this hypothesis
point out that the capillary bed grows by forming slender
intravascular tissue pillars (Caduff et al., 1986; Burri and
Tarek, 1990), in which interendothelial bridges are the
contacts between opposite capillary walls. Subsequently,
the contact areas are sealed off by building up inter-
endothelial junctions, with a central perforation in the
capillary layer. Successive perforations by cytoplasmic
extensions of pericytes, myofibroblasts and interstitial
fibres will transform the pillars into normal capillary
meshes.

Angiogenesis in the formation of neovascular
collateral vessels:

Although angiogenesis normally does not occur in
most adult organs, an alternate route of blood supply
may arise from preformed or neovascular collateral
vessels in response to ischemic stimuli, such as that of
an ischemic heart (Schaper and Vandesteene, 1967; de
Brabander et al., 1973; Roth et al., 1990; Sasayama and
Fujita, 1992; Carroll et al., 1993). This process of
collateralization has been experimentally studied in
chronic myocardial ischemia using dogs (Bloor and
White, 1972; White et al., 1978; Unger et al., 1991) and
pigs (Roth et al., 1987; White et al., 1992). In dogs, with
an enormous potential for collateral growth, the
collateral development is rapid and extensive, while in
pigs, with a collateral angiogenesis more comparable to
that found in human hearts, it is rapid but limited.
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During collateralization, the underlying mechanisms in
the genesis of newly formed vessels are likely to be
similar to those involved in neovascular growth
elsewhere (D’Amore and Thompson, 1987). Normal
and ischemic myocardium contain heparin-binding
angiogenic growth factor (D’Amore and Thompson,
1987; Thompson et al., 1988. 1989; Eghbali, 1989;
Kardami and Frandrich, 1989; Quinkler et al., 1989;
Sasaki et al., 1989; Casscells et al., 1990; Schmidt et al.,
1991) and the release of mitogens in human (Kumar et
al., 1983) and experimental animal (Galloway et al.,
1984) hearts has been demonstrated. Likewise, heparin
treatment accelerates coronary collateral development in
experimental coronary artery occlusion (Carroll et al.,
1993), increasing collateralization by potentiating the
action of an ischemic-derived angiogenic factor (Fujita
etal., 1988, 1991).

Intimal vascularization of arteries:

The microvessel invasion of the artery wall from the
adventitia has been demonstrated in human pathology

Fig. 20. Microvessel invasion of the artery wall. Several capillaries
(arrows) are observed in the media of rat femoral artery after arterial
wall injury. IL: Internal elastic lamina. Semithin section; toluidine blue.
x 900

(Koester, 1876; Paterson, 1936, 1938; Barger et al.,
1984; Eisenstein, 1991; Zhang et al., 1993) and in
experimental conditions (Fig. 20) (Diaz-Flores et al.,
1990a). The neovascularization of the arterial wall may
play several important roles in the pathogenesis of
intimal thickening and atherosclerosis, such as: a)
supplying plasma components (albumin, fibrinogen ...)
and thus nourishing the thickening wall during plaque
growth (Koester, 1876; Le Compte, 1967; Groszek and
Grundy, 1980; Zhang et al., 1993); b) causing intimal
hemorrhages by rupturing (Paterson, 1938; Barger and
Beeuwkes, 1990); and ¢) augmenting the process of
arterial intimal thickening by supplying more cells.
Indeed, in occluded arterial segments, it has been
suggested that pericytes and EC of the ingrowing vessels
from the arterial microcirculation are sources of
myointimal cells at the intimal thickening and of endo-
thelium at the luminal surface, respectively (Diaz-Flores
and Dominguez, 1985; Diaz-Flores et al., 1990a, 1991b).

Tumour angiogenesis:

Tumour growth 1is accompanied by neo-
vascularization (Ide et al., 1939; Warren and Shubik,
1966; Eddy and Cassarett, 1973; Yamaura and Sato,
1973; Tannock, 1968, 1970) (Fig. 21), since all solid
tumours require stroma if they are to grow beyond 1 to
2 mm in size (about 100 cells) (Algire et al., 1945;
Folkman et al., 1963; Folkman and Cotran, 1976;
Reinhold and Van den Berg-Block, 1984; Folkman,
1985a,b,c, 1990). The tumour stroma is composed of
new blood vessels, inflammatory cells and connective
tissue (Dvorak, 1986). Thus, tumour growth beyond a
few milimeters is dependent on angiogenesis (Folkman
and Cotran, 1976; Folkman, 1971, 1972; Folkman and
Haudenschild, 1980; Folkman and Klagsbrun, 1987),
which is of great interest to cancer biology, metastasis,
diagnosis and therapy. This newly formed micro-
vasculature is induced by angiogenic substances (Algire
et al., 1945; Folkman et al., 1971; Tuan et al., 1973;
Klagsbrun and D’Amore, 1991) released by the tumour
and by the inflammatory cells, predominantly
macrophages (Polverini and Leibovich, 1984; Folkman
and Klagsbrun, 1987). Furthermore, the decrease of
angiogenesis inhibitors, such as thrombospondin, may
occur when the cells undergo malignant transformation
and become angiogenic (Rastinejad et al., 1989,
Zajchowski et al., 1990).

The ingrowth of new blood vessels and other
components of the stroma into the tumour cells closely
resembles the granulation tissue of healing wounds
(Dvorak et al., 1979a,b; Folkman, 1985a,b,c).
Nevertheless, the organization of the microvasculature in
the tumours is not so strict as in normal tissues. Tumours
show phenotypic changes like dilated and irregular
vessels (Warren, 1979a; Rofstad, 1984; Grunt et al.,
1986), a high proliferation rate of the EC (Tannock,
1970; Cavallo et al., 1973; Denekamp, 1982) and
increased permeability (Jain, 1985; Heuser and Miller,
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1986).

Acquisition of an angiogenic phenotype is an
important fact in the transition from hyperplasia to
neoplasia (Folkman et al., 1989a,b). Indeed, two phases
in the development of tumours can be considered:
prevascular; and vascular (Folkman and Hochberg,
1973; Gimbrone et al., 1974; Chodak et al., 1980;
Sillman et al., 1981; Jensen et al., 1982; Folkman et al.,
1989a,b). The study of the latter may be of interest as a
marker for preneoplastic and neoplastic processes of
different organs, such as cutaneous melanoma and

Fig. 21. The field shows a newly formed capillary in a melanoma
composed of atypical cells containing melanosomas. (arrows).
EC: fenestrated endothelial cell. Ultrathin section; uranyl acetate and
lead citrate. x 14,500

carcinoma of the breast and bladder (Brem et al., 1977,
1978; Chodak et al., 1980; Sillman et al., 1981; Jensen et
al., 1982; Srivastava et al., 1986, 1988). Transgenic mice
expressing an oncogene in the pancreatic islet beta cells
develop a progression from normal to hyperplasia and to
neoplasia. Using these mice, it has been demonstrated
that angiogenic activity and consequent neo-
vascularization both precede tumour formation
(Folkman et al., 1989a,b).

The intensity of vascularization in a tumour can
predict the probability of metastasis (Liotta et al., 1974,
Srivastava et al., 1986, 1988; Herlyn et al., 1987,
Weidner et al., 1991), since there is a correlation
between the density of tumour microvessels and the
occurrence of metastases (Weidner et al., 1991). The
fragmented basal lamina of growing vessels as well as
collagenases and plasminogen activator secreted by the
EC, make them more penetrable than mature vessels.
Therefore, they give the tumour cells a greater chance to
enter into the circulation (Liotta et al., 1974; Weidner et
al.,, 1991).

Previously, we pointed out that neovascularization in
metastasic tumours can acquire the morphological
characteristics of the primary organ vessels in which the
neoplasm originates. Likewise, the type of metastasic
angiogenesis might be determined by the vascular
peculiarities of the receptor organ. For example, liver
metastases may be of sinusoidal or portal type. The first
is formed by large convoluted vessels, devoid of
immunohistochemically detectable basal lamina, while
the portal type is characterized by numerous small
vessels with basal lamina (Paku and Lapis, 1993).

Systems to analyze angiogenesis
In vivo

From the classical studies on new blood vessel
morphogenesis and permeability (Sandison, 1928; Clark
and Clark, 1935, 1939; Abell, 1946; Cogan, 1949;
Friedman and Byers, 1962; Schoefl, 1963; Sugiura and
Matsuda, 1969; Szalay and Pappas, 1970; Yamagami,
1970; Haar and Ackerman, 1971; Warren et al., 1972;
McKinney and Panner, 1972; Cavallo et al., 1973), a
large number of “in vivo” and “in vitro” systems have
been used to understand the phenomenon of angio-
genesis (Auerbach et al., 1991; Passaniti et al., 1992).
The development of inert, biocompatible, slow- release
polymer pellets, which permit a sustained release of
angiogenic or antiangiogenic factors (Folkman et al.,
1971, Langer and Folkman, 1976; Rhine et al., 1980;
Hsieh et al., 1981; Murray et al., 1983), has been of
interest for some of the experimental techniques. The “in
vivo” experimental models include procedures where the
angiogenic response in specific areas can be assessed,
such as:

a) rabbit (Gimbrone et al., 1974; Brem and
Folkman, 1975), rat (Fournier et al., 1981), mouse
(Muthukkaruppan and Auerbach, 1979), or guinea pig
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corneas, where neovascularization is produced by
lesions, tumours (Gimbrone et al., 1974), or slow
release polymers containing angiogenic substances
implanted in “pockets” created in their central regions.
Through this procedure, a linear quantitation of growing
capillaries from the limbus is possible (Proia et al., 1988;
Haynes et al., 1989; Culton et al., 1990). The cornea is
an appropriate place to demonstrate neovascularization,
since it is normally completely avascular and the new
capillaries can be distinguished from parent vessels of
the limbus (Ausprunk and Folkman, 1977; Henkind,
1978). Therefore, this procedure provides an “in vivo”
avascular and transparent substratum in which
neovascularization can be continuously monitored
(Polverini et al., 1977a; Greenburg and Hunt, 1978).
Several hypotheses have been proposed to explain the
neovascularization in the cornea (Klintworth, 1991),
such as liberation of angiogenic factors (Maurice et al.,
1966; Eliason and Elliot, 1987; Vlodavsky et al., 1987,
Baudouin et al., 1990; Soubrane et al., 1990), destruction
of anti-angiogenic substances (Kuettner et al., 1974),
inflammation (Fromer and Klintworth, 1975a,b;
Polverini et al., 1977b; Klintworth, 1977; Epstein and
Stulting, 1987), hypoxia and corneal swelling (Cogan,
1949). Corneal neovascularization could be the result of
a local imbalance between angiogenic and anti-
angiogenic factors (Kaminska and Niederkorn, 1993)
originating from inflammatory cells that invade the
cornea or from the cornea itself, together with loosening
of the stroma during the inflammatory process.

b) The chorioallantoic membrane (Alfthan 1956;
Sorgente et al., 1975; Auerbach, 1981; Folkman 1982;
Shing et al., 1985; Fett et al., 1985; Olivo et al., 1992),
or the yolk sac (Taylor and Folkman, 1982; Shing et al.,
1985; Rosenbruch, 1989; Takigawa et al., 1990a,b) of
the early chick embryo, which lacks a mature immune
system allowing the growth of xenogeneic graft. Further-
more, by means of this second “in vivo” procedure a
more rapid assay of either angiogenesis inhibitors or
angiogenic factors is possible before selecting a few to
be tested in the cornea (Folkman, 1985a,b,c). The main
problem is the possibility of false positives produced by
almost any irritant or wound, which may be avoided by
incubating the embryos in Petri dishes (Auerbach et al.,
1974).

¢) Other “immunologically privileged” sites, such as
the hamster cheek pouch (Warren and Shubik, 1966;
Schreiber et al., 1986) and the anterior eye chamber
(Greene, 1943), which allow the growth of allogeneic or
xenogeneic grafts with a minor cell-mediated immune
response (Greene, 1943; Folkman et al., 1989a,b;
Weidner et al., 1991).

d) The subcutaneous air “pouch”, dorsal air sac or
“blister” method (Selye, 1953), the “sandwich”
observation chamber, and the rabbit ear chamber.

e) The mesentery (Norrby et al., 1986; Williams et
al., 1989; Norrby et al., 1990a,b).

f) The subcutaneous implants of polyurethane foam
cylinders (Bishop et al., 1989, 1990) and the disc angio-

genesis assay. In the latter, discs of polyvinyl alcohol
sponges, containing a slow-release polymer core and
their flat sides sealed with millipore filters, are used
(Fajardo et al., 1988). By means of this procedure the
penetration of cells and the angiogenic response may be
studied.

g) The implants of matrices, such as fibrin or gelatin,
which act as angiogenesis initiators and enable the
introduction of test substances (Dvorak et al., 1987).

h) Injection of cells or drugs entrapped in alginate
(Plunkett and Hailey, 1990; Robertson et al., 1991).

In vitro systems

Angiogenesis or parts of this process have been
investigated morphologically by different in vitro
systems (Madri and Stenn, 1982; Furcht, 1986; Ingber et
al., 1986; Dvorak et al., 1988; Heimark and Schwartz,
1988; Ingber and Folkman, 1988).

After the introduction of methods for EC culture
(Jaffe et al., 1972; Gimbrone et al., 1973), EC isolated
from both small and large vessels have been shown to be
capable of forming random networks of capillary-like
tubes “in vitro”, when grown under appropriate culture
conditions (Folkman and Haudenschild, 1980; Maciag et
al., 1982; Kubota et al., 1982; Montesano and Orci,
1985; Pepper et al., 1990; Nguyen et al., 1992).

The “in vitro” systems with formation of capillary-
like structures have been undertaken in cultured EC from
various kinds of blood vessels (Jaffe et al., 1973;
Folkman et al., 1979), such as human umbilical veins
(Maciag et al., 1982), bovine aortas (Feder et al., 1983),
bovine capillaries (Folkman and Haudenschild, 1980;
Montesano et al., 1983) and rat capillaries (Madri et al.,
1983; Sato et al., 1987). These procedures, along with
the establishment of microvascular pericytes in culture
enable the assessment of the following parameters
(D’ Amore and Thompson, 1987; Auerbach et al., 1991):
1) The recovery rate of a denuded surface in a confluent
EC monolayer. In these conditions, the EC migration
provides a quantitative assessment of the angiogenic
response (Pepper et al., 1987, 1989, 1990). 2) EC
locomotion and directionality (chemokinesis and chemo-
taxis, respectively) using different procedures (Auerbach
et al., 1974, 1991; Obeso and Auerbach, 1984; Stokes et
al., 1990; Taraboletti et al., 1990) such as phagokinetic
track assay, in which individual cells move on a gold
monolayer and phagocyte the colloidal particles, leaving
migration tracks (Zetter, 1980, 1988; Rupnick et
al., 1988; Weber et al., 1989). 3) The degree of EC
proliferation in culture with test factors is determined by
DNA synthesis, nuclear staining, DNA content, etc
(Watt and Auerbach, 1986; Folkman and Ingber, 1987;
Folkman and Klagsbrun, 1987; Ryan, 1988; Simionescu
and Simionescu 1988, 1991). 4) Changes in EC function
during angiogenesis, such as modulations in the
production of cytokines (Shepro, 1988), protease release
and fibrinolytic activity (Sueishi et al., 1989), and basal
lamina synthesis. 5) Tube formation in relation to the
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substrate (Maciag et al., 1982; Maciag, 1984; Madri and
Pratt, 1986; Nicosia and Ottinetti, 1990). 6) The role of
the pericytes in angiogenesis using coculture of both
pericytes and EC (Orlidge and D’ Amore, 1987, 1988).
These possibilities for the study of EC function have
been increased by utilizing 3-dimensional angiogenesis
assays (Madri et al., 1988; Goto et al., 1993; Williams,
1993).

Angiogenesis control

Neovessel formation depends on several angiogenic
stimuli to initiate and direct the proliferation and
migration of ECs in the connective tissue (Folkman,
1982, 1985a,b,c; Furcht, 1986).

The most important factors in the control of angio-
genesis seem to be the following: a) the angiogenic
factors, capable of stimulating the EC migration and/or
proliferation; b) the angiogenic inhibitors; c) the extra-
cellular matrix modifications (role of the changes in
extracellular matrix); and d) the intercellular
interactions, for example, the “free edge effect” by
absence of neighbouring EC (Schwartz et al., 1982). We
shall consider the first three points.

Angiogenic factors

Angiogenesis is thought to be initiated by diffusible
angiogenic factors, either after local activation of genes
encoding them, or by release from their storages. In the
past decade, several molecules have been shown to
induce angiogenesis by acting in a direct or indirect way,
including a variety of growth factors (Folkman and
Klagsbrun, 1987; Klagsbrun and D’Amore, 1991;
Folkman and Shing, 1992). An angiogenic factor is
called “direct” when it is capable of inducing endothelial
proliferation and/or migration “in vivo” and of
stimulating endothelial cells “in vitro”. When the “in
vitro™ action fails, or is inhibited, the angiogenic factor
is considered to be “indirect” assuming that it mobilizes
other direct factor(s) or cell(s) “in vivo”. Likewise, the
angiogenic factors may act mainly, or specifically on the
EC, or on the contrary, may be pleiotropic, other cells
also intervening, such as fibroblasts, smooth muscle
cells, etc. Taking the above into account, the angiogenic
factors may be chemotactic, mitogenic, chemotactic and
mitogenic at the same time, or neither mitogenic nor
chemotactic, but rather induce angiogenesis indirectly
(Klagsbrun and Folkman, 1991). Among the direct
angiogenic factors are the basic fibroblast growth factor
(bFGF) (Folkman and Klagsbrun, 1987; Gospodarowicz
et al., 1987; Klagsbrun and Vlodavsky, 1988), acidic
fibroblast growth factor (aFGF) (Folkman and
Haudenschild, 1980; Folkman and Klagsbrun, 1987;
Gospodarowicz et al., 1987), vascular endothelial
growth factor (VEGF) (Connolly et al., 1989; Keck et
al., 1989; Leung et al., 1989) and platelet- derived
endothelial growth factor (PD-EGF) (Thomas et al.,
1985; Gospodarowicz et al., 1987; Miyazono et al.,

1987, Ishikawa et al., 1989; Ferrara et al., 1989; Leung
et al., 1989). The indirect angiogenic growth factors
cover a great number of substances, such as, Transform-
ing growth factor alpha (TGF-alpha), Epidermal growth
factor (EGF) (Schreiber et al., 1986), Transforming
growth factor beta (TGF-beta) (Roberts et al., 1986),
Tumour Necrosis factor alpha (TNF-alpha) (Frater-
Schréder et al., 1987), Platelet derived growth factor
(PDGF) (Sato et al., 1993), E series prostaglandin (Ziche
et al., 1982), angiogenin (Fett et al., 1985; Hallahan et
al., 1991), monobutyrin (Dobson et al., 1990),
nicotinamide (Kull et al., 1987), adenosine, Okadoic
acid (Oikawa et al., 1992), hydroxyeicosatrienoic acid
(Masferrer et al., 1991), some copper complexes (Ziche
et al., 1982; Raju et al., 1984; Folkman and Klagsbrun,
1987; Brem et al., 1990), hyaluronic acid degradation
products (West et al., 1985) and age-associated
glycosylation end-products (Cozzolino et al., 1990).

Some angiogenic molecules are present in adult
tissues where angiogenesis is absent (Gullino, 1981); the
possibility that the angiogenic response depends on local
activation, or inactivation of these molecules has been
considered (Ziche et al., 1992). For example, corneal
tissue under angiogenic stimulation becomes richer in
sialic acid (Ziche et al., 1989) and copper ions (Ziche et
al., 1982; Raju et al., 1982). Likewise, changes in the
ratio of different substances in local tissue composition
may modify the angiogenic response. Thus, corneal neo-
vascularization induced by angiogenic factors is
stimulated, or repressed in the cornea by reduction or
enhancement of the GM3/GD3 ratio of tissue
gangliosides (Ziche et al., 1992).

Some of the known angiogenic factors have been
completely purified and characterized, while others are
still being studied. We shall consider some of the most
important angiogenic factors.

Fibroblastic growth factors:

bFGF and aFGF, with a strong affinity for anionic
glycosamin-glycan heparin (Baird and Ling, 1987, see
role of heparin on angiogenesis) are able to stimulate
both angiogenesis in vivo and vascular endothelial cell
growth in vitro (Thomas et al., 1985, Montesano et al.,
1986; Gospodarowicz et al., 1987). Beta fibroblast
growth factor, a multifunctional peptide of 146
aminoacids (Esch et al., 1985) is one of the more potent
angiogenic factors and has the ability to stimulate the
following features (Gospodarowicz et al., 1987):
a) migration of EC and SMC which change their
morphology becoming bipolar (Terranova et al., 1985;
Gospodarowicz et al., 1985; Montesano et al., 1986;
Moscatelli et al., 1986; Tsuboi et al., 1990);
b) stimulation of cell proliferation with mitogenesis
of vascular endothelial cells, SMC and a wide variety
of cell types (Schweigerer et al., 1987; Winkles
et al., 1987; Sato and Rifkin, 1988); ¢) EC production
of a urokinase-type plasminogen activator, pro-
collagenese (Gross et al., 1983; Moscatelli et al., 1986;
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Presta et al., 1986; Montesano et al., 1986;
Gospodarowicz et al., 1987; Banda et al 1987; Rifkin
and Moscatelli, 1989), a membrane bound enzyme
that degrades type IV collagen and prostomelysin;
d) synthesis and deposition of extracellular matrix
proteins, with effects on EC collagen, fibronectin and
proteoglycan production (Tseung et al., 1982;
Gospodarowicz, 1983; Gospodarowicz et al., 1987); for
example, sprouting, or migrating EC switch their
synthetic pattern to types I and III collagen (Madri et al.,
1983); on the contrary, quiescent capillary EC synthesize
type IV collagen; and e) differentiation of EC,
influencing their phenotypic expression (Vlodavsky and
Gospodarowicz, 1979; Vlodavsky et al., 1979;
Greenberg et al., 1980).

bFGF is expressed during vascularization in the
embryo (Risau et al., 1988) and in the adult, as that
occuring in the ischemic heart (McNeil, 1980; Tomanek
et al., 1989; Sasaki, 1989). Furthermore, in vivo
administration of bFGF, by means of slow release
polymers, induces intense angiogenesis (Baird and
Bohlen, 1989). Growth of vasa-vasorum into the intima
and media is observed in response to bFGF when
infused onto the normal adventitia, or into the injured
media of the rat carotid artery (Cuevas et al., 1991).

bFGF is mainly confined within the cells producing
it (Folkman and Klagsbrun, 1987). Likewise, a high
concentration of its inactive complex is stored within the
extracellular matrix from which it can be released as a
biologically active form by the actions of degradative
enzymes (Folkman et al., 1988). When the EC are
activated, they dissolve the extracellular matrix and
bFGF is released. The latter bind with receptors on EC
(Friesel et al., 1986) and vascular smooth muscle cells
(Winkles et al., 1987) in which the binding of FGF to
heparan sulphate is a prerequisite (Kiefer et al., 1990).
Although bFGF seems to exert its effects on EC via a
paracrine mode, it has been shown that endogenous
bFGF produced by EC is important for EC migration
and plasminogen activator production (Sato and Rifkin,
1988).

It has been pointed out that bFGF induces the
production of prostaglandin E2 by microvascular EC and
that PGE2 augments the production of cyclic AMP in
these cells, stimulating their proliferation (Allison and
Kowalski, 1989). Likewise, the angiogenic action of
bFGF can be abolished by the systemic administration of
drugs inhibiting prostaglandin synthesis (Fajardo et al.,
1992).

Vascular endothelial growth factors (VEGF):

The VEGF (Ferrara and Henzel, 1989; Levy et al.,
1989; Leung et al., 1989; Conn et al., 1990a,b; Ferrara et
al., 1992), a secreted heparin-binding dimeric glyco-
protein (Ferrara et al., 1991, 1992; Ferrara and Henzel,
1989), constitutes a family of angiogenic factors (Ferrara
and Henzel, 1989; Leung et al., 1989; Conn et al.,
1990a,b; Ferrara et al., 1992) also known as vascular

permeability factor (Senger et al., 1983, 1986; Leung et
al., 1989; Connolly et al., 1989; Keck et al., 1989;
Ferrara and Henzel, 1989; Conn et al., 1990a,b; Tisher et
al., 1991; Ferrara et al., 1992), or vasculotropin (Plotiet
et al., 1989), in which their respective cDNAs have been
cloned. At present, four different molecular species of
VEGEF are generated by alternative splicing mRNA
(VEGF121, VEGF165, VEGF189, VEGF206) (Leung et
al., 1989; Houck et al., 1991; Tisher et al., 1991; Ferrara
et al., 1992), with 121, 165, 189 and 206 aminoacids.
The VEGF mRNA is expressed in vascularized tissues
(Ferrara et al., 1992; Berse et al., 1992) and during
capillary proliferation (Phillips et al., 1990;
Ravindranath et al., 1992). Likewise, VEGFs promote
angiogenesis in vivo (Leung et al., 1989; Ploiiet et al.,
1989; Connoly, 1989) and they are EC-specific mitogens
in vitro (Ferrara and Henzel, 1989; Ishikawa et al., 1989;
Gospodarowicz et al., 1989; Conn et al., 1990a,b).
VEGF binding sites have been identified in a majority of
tissues and organs. The binding sites of VEGF in
cultured EC have been described (Vaisman et al., 1990),
where tyrosine kinase protein is its receptor. The above
mentioned findings are consistent with the hypothesis
that one of the physiological roles of VEGF is to
promote neovascularization (Ferrara et al., 1992). In a
study on spatial and temporal patterns of VEGF and
VEGF receptor expression during natural angiogenic
processes taking place within the female reproductive
system, VEGF mRNA was found to be expressed in
cells surrounding the expanding vasculature, while
VEGF receptors were constitutively expressed in the
endothelium, regardless of its proliferative status
(Shweiki et al., 1993). Thus, VEGF may target the
angiogenic response to specific areas. Furthermore, in
this study, all cell types expressing VEGF were steroido-
genic and/or steroid-responsive cells, which suggests
that the VEGF expression is hormonally regulated
(Shweiki et al., 1993).

It has been proposed that a tonic presence of VEGF
may be required to maintain the differentiated state of
microvessels and that suppressed expression of VEGF
and/or its receptors may contribute to vessel regression
(Ferrara et al., 1992).

Platelet-derived endothelial cell growth factor (PD-
ECGF):

PD-ECGF, purified to homogeneity from human
platelets (Miyazono et al., 1987), is a sequenced protein
with a relative molecular mass of about 45,000
(Ishikawa et al., 1989), which stimulates EC growth and
chemotaxis in vitro and angiogenesis in vivo (Ishikawa
et al., 1989). Furthermore, PD-ECGF amplifies DNA
synthesis activity of FGFs on EC (Folkman and Shing,
1992).

Tumour necrosis factor alpha (TNF):

The tumour necrosis factor alpha (TNF-alpha), a
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cytokine mainly produced by macrophages and capable
of inducing bFGF production in EC and of enhancing its
secretion (Okamura et al., 1991), has a controversial role
in angiogenesis (Frater-Schroder et al., 1987; Leibowich
et al.,, 1987; Sato et al., 1987; Schweigerer et al., 1987,
Ben-Ezra et al., 1990; Fajardo et al., 1992). TNF-alpha
induces angiogenesis in vivo (Frater-Schroder et al.,
1987, Leibowich et al., 1987), while it is a potent
inhibitor of EC growth “in vitro” (Frater-Schroeder et
al., 1987; Schweigerer et al., 1987) as well as of
microvascular sprouts (Sato et al., 1987). Currently, it is
known that this controversy is due to dose-dependent
opposing effects of TNF, which determine a bimodal
response (Fajardo et al., 1992). In vivo, low doses of m-
TNF (0.01 - 1ng) induce angiogenesis (maximum at 0.1
ng), whereas high doses (1 and 5 pg) inhibit it (Fajardo
et al., 1992). Owing to their pro-inflammatory actions, it
has been suggested that production of prostaglandins by
macrophages may mediate the angiogenic effect of TNF
(Ben-Ezra et al., 1990). In vitro, TNF is chemotactic for
microvascular EC, although not for large vessel EC.
Likewise, TNF-alpha action depends upon the
administration route. When TNF-alpha is injected
intravascularly it may cause necrosis and when injected
extravascularly, it is angiogenic (Folkman and Shing,
1992).

Platelet-derived growth factor:

EC themselves may synthetize PDGF (DiCorleto and
Bowen-Pope, 1983; Starksen et al., 1987). Functional
PDGF receptors have been demonstrated on micro-
vascular EC of some tissues (Beitz et al., 1991; Heldin et
al.,, 1991) which suggests that PDGF is an autocrine or
paracrine modulator during angiogenesis. Recently, it
has been pointed out that PDGF may accelerate capillary
formation by activating connective tissue cells, such as
myofibroblasts, in the vicinity of EC (Sato et al., 1993).

Prostaglandins:

Among the prostanoid lipids with angiogenic activity
are the prostaglandins of the E series (PGE1 and PGE?2)
(Ben-Ezra 1978a,b; Ziche et al., 1982; Form and
Auerbach, 1983; Dobson et al., 1985; Ziche et al., 1985,
1989). They have been used as strong angiogenesis
triggers in the rabbit cornea and in the chick embryo
chorioallantoic membrane, and could play an important
part in the cascade of events underlying the neo-
vascularization process (Ziche et al., 1989). Further-
more, extravascular PGE1 and PGE2, associated with
triacetine, are capable of inducing capillary sprouting
from veins (Diaz-Flores et al., 1994). Although it is not
clear how PGE1 and PGE2 induce capillary growth, they
have been considered as acting in vivo by some indirect
pathway (Folkman and Klagsbrun, 1987). Indeed,
prostaglandin levels are elevated in wounds,
inflammatory exudates, tumours and activated macro-
phages (Form and Auerbach, 1983). In these conditions,

the secretion of growth factors could be the result of
PGE1 and PGE2 mobilizing and activating macro-
phages, or by some other unknown mechanisms
(Folkman and Klagsbrun, 1987). Certain members of the
prostanoid family, which are different from currently
known prostaglandins, seem to be the factors of major
angiogenic activity secreted by 3T3 adipocytes
(Castellot et al., 1982; Dobson et al., 1985).

Angiogenin:

Angiogenin, isolated from human colon adeno-
carcinoma cell-conditioned medium (Fett et al., 1985), is
a 14kD protein present in plasma at a relatively high
concentration. In vivo, it induces intense angiogenesis
(Fett et al., 1985) in the chicken chorioallantoic
membrane (Fett et al., 1985) and in the rabbit cornea.
Moreover, angiogenin has the following actions: a) it is a
potent inhibitor of cell-free protein synthesis by specific
ribonucleolytic inactivation of ribosomes (St. Clair et al.,
1987); b) it activates EC phospholipase and phosphatase
A2 (Bicknell and Vallee, 1988); and c¢) it stimulates EC
prostacyclin secretion by activation of phopholipamase
A2 (Bicknell and Vallee, 1989).

Role of heparin on angiogenesis:

Heparin facilitates neovascularization (Ribatti et al.,
1987; Ehrlich et al., 1988) by the following mechanisms:
a) release of basic FGF from the extracellular matrix
(Bashkin et al., 1989); b) protection of both a- and bFGF
from inactivation (Gospodarowicz and Cheng, 1986;
Herbert et al., 1988); ¢) increased aFGF activity (Herbert
et al., 1988); and d) facilitation of the interaction
between bFGF and EC (Bashkin et al., 1989). High-
affinity receptors on the cell surface require heparin-like
molecules to bind with FGF (Yayon et al., 1991) and
VEGF (Gitay-Goren et al., 1992). This is probably
accomplished by inducing a conformational change in
the growth factors to allow them to interact with their
receptors (Yayon et al., 1991; Gitay-Goren et al., 1992).

Heparin stimulates the secretion and activation of
plasminogen activator (Lijnen and Collen, 1986;
Falcone, 1989). Furthermore, its binding to plasminogen
activator inhibitor-1 (Ehrlich et al., 1991), potentiates its
neutralization with thrombin.

Angiogenesis antagonists:

Although the term “angiogenesis inhibitor” was not
introduced until 1975 (Brem and Folkman, 1975),
numerous factors were identified as inhibiting vessel
formation. The study of these factors is of great interest
since it may facilitate the development of antagonists for
treatment of angiogenic diseases. For example, the
process of angiogenesis during tumour growth is a
potential target for tumour therapy (Folkman and Cotran,
1976; Denekamp, 1982; Schor and Schor, 1983). The
angiogenic inhibitors include the cartilage-derived
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inhibitor identified as tissue inhibitor of metallo-
proteinases (Carmichael et al., 1986, Moses et al., 1990),
thrombospondin (Rastinejad et al., 1989; Good et al.,
1990, Iruela-Arispe et al., 1991), protamine (Taylor and
Folkman, 1982), platelet factor-4 (Hiti-Harper et al.,
1978; Taylor and Folkman, 1982; Maione et al., 1990),
interferon (Tsuruoka et al., 1988; White et al., 1989),
angiostatic antibiotics (Ingber et al., 1990) deoxy-
mannojirimycin (Nguyen et al., 1992), steroids (Crum et
al., 1985) and angiogenesis inhibitors effective as a
combination (Folkman et al., 1989a,b), synthetic
peptides contaming the amino acid sequence Arg-Gly-
Asp, minocycline (Tamargo et al., 1991), difluoro-
methyl ornithine (Takigawa et al., 1990a,b), sulphatin
chitin derivates (Murata et al., 1991), DS-4152 sulphated
polysaccharide from Arthrobacter, and bovine vitreous
extract (Lutty et al., 1983).

Several studies have been undertaken to demonstrate
that cartilage extracts can inhibit angiogenesis
(Eisenstein et al., 1973, 1975; Brem and Folkman, 1975;
Langer et al., 1976, 1980; Lee and Langer, 1983). The
purification and characterization of neovascularization
inhibitor from cartilage and from the conditioned media
of chondrocytes have been recently reported (Moses et
al., 1990). This cartilage derived protein negatively
modulates the proliferation and migration of capillary
EC. It is a powerful inhibitor of neovascularization “in
vitro” and of embryonic and tumour-induced angio-
genesis “in vivo”. Furthermore, it is a collagenease and
metalloproteinase inhibitor.

Thrombospondin, a high molecular weight multi-
functional glycoprotein (Silverstein et al., 1986),
stimulates different EC functions and modulates the
activity of angiogenic factors (Taraboletti et al., 1990).
Recently, it has been demonstrated that angiogenic
macrophages produce not only positive but also negative
angiogenesis regulators such as thrombospondin |
(DiPietro and Polverini, 1993).

Protamine, an arginine-rich basic protein of 4,300
molecular weight, found in sperm with an affinity for
heparin, is an angiogenesis inhibitor (Taylor and
Folkman, 1982), although it is not used for the control of
neovascularization because of its high toxicity
(Folkman, 1985a,b,c).

Platelet factor-4, a platelet alpha-granule protein with
high affinity for heparin, has an angiostatic effect which
is probably due to specific inhibition of growth factor-
stimulated EC proliferation. This angiostatic activity
may be modulated through sulphated polysaccharides
(Maione et al., 1990).

Interferons, regulatory proteins with potent biological
activities, may be effective in inhibiting the proliferation
of EC (Friesel et al., 1987; Sidky and Borden, 1987;
Feldman et al., 1988). Interferons have been used as
treatment for pathogenic neovascularization diseases
such as Kaposi’s sarcoma (Groopman et al., 1984; Rios
et al., 1985; Real et al., 1986) and pulmonary hemangio-
matosis (White et al., 1989),

A new class of angiostatic antibiotics, termed angio-

inhibins, have been identified among the fumagillin
analogues to suppress the growth of a wide variety of
tumours (Ingber et al., 1990). Among the angioinhibins
is the O-(Chlroacetylcarbamoyl) fumagillol or AGM-
1470 which is 50 times more active than the fumagillin
parent and has relatively few side-effects (Ingber et al.,
1990).

Angiogenesis inhibitors, effective as a combination,
include heparin with hydrocortisone (Folkman et al.,
1989a,b), as well as beta-cyclodextrintetradecasulphate
with hydrocortisone (Folkman et al., 1989a,b).

Deoxymannojirimycin, which prevents synthesis of
hybrid and complex-type oligosaccharides, inhibits
capillary tube formation in vitro (Nguyen et al., 1992).

Role of the changes in extracellular matrix

The different structural organization and composition
of the extracellular matrix during vascular sprouting (see
changes in extracellular matrix) is principally due to the
fact that the EC secrete enzymes, which digest the pre-
existing basement membrane (Kalebic et al., 1983;
Montesano and Vasalli, 1985), and synthesize glyco-
proteins, proteoglycans and collagen (Ausprunk, 1982),
which ‘make up the extracellular matrix of new
microvessels. Thus, the EC play an important role in the
remodelling of the extracellular matrix which surrounds
them during capillary development.

At the same time, changes in the composition of the
extracellular matrix surrounding the EC may have
important regulatory effects on the various stages
of microvascular morphogenesis, modifying the
organization, morphological features, function and
behaviour of EC, such as cellular phenotype, migration
and proliferation (Folkman and Haudenschild, 1980;
Delvos et al., 1982; Madri et al., 1983; Tseng et al.,
1983; Montessano et al., 1983; Schor et al., 1983; Madri
and Pratt, 1986; Nicosia and Madri, 1987). Thus,
extracellular matrix proteins isolated from basal lamina
facilitate differentiation of EC into tube-like structures,
whereas interstitial collagens stimulate EC migration and
proliferation (Madri and Williams, 1983; Montesano et
al., 1983). These phenomena are associated with
modifications in intracellular cytoskeletal components
(Kocher and Madri, 1989). For example, EC plated onto
basal lamina form tubelike structures after a short period
in culture, but they neither proliferate nor migrate. EC
plated onto a gel containing the extracellular matrix
proteins, form capillary tubes within 24 h, but within 2-3
weeks when EC are plated onto a two-dimensional
matrix, or onto plastic (Kubota et al., 1988). Likewise,
EC embedded in a three- dimensional collagen matrix
organize into a network of capillary-like tubes and
acquire correct cellular polarization (Montesano et al.,
1983). Therefore, the extracellular matrix influences the
proliferation and migration of the vascular EC, and also
their capacity to differentiate into capillary-like
structures and to determine the correct cellular
polarization (Montesano et al., 1983; Form et al., 1986;
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Madri and Pratt, 1986; Ingber et al., 1987; Ingber and
Folkman, 1989). Finally, the rates of EC recovery after
injury depend on the matrix components (Young and
Herman, 1985).

During angiogenesis, different basal lamina
components distribute around newly formed vessels
(Form et al., 1986; Nicosia and Madri, 1987; Murray and
Leblond, 1988), and these components can induce lumen
formation as tube-like structures (Kubota et al., 1982;
Maciag et al., 1982; Ingber and Folkman, 1988).

When the synthesis and the degradation of the
components of the basal lamina is disturbed, neo-
vascularization is inhibited (Ingber and Folkman, 1988).
This supports the hypothesis that formation of a new
basal lamina plays an important role in the development
of active vessels.

The integrins, cell surface molecules which mediate
adhesion to either neighbouring cells or to the extra-
cellular matrix, are likely to play a key role in angio-
genesis. Thus, anti-integrin antibodies directed to the
major integrin receptors for the tube-permissive matrices
of collagen and fibrin, enhance capillary tube formation
“in vitro”. This fact suggests that restriction of specific
cell-matrix interactions can enhance capillary formation,
converting EC from a proliferative phenotype towards
differentiation.
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