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The generation of new microvasculature from extant
vessels (angiogenesis) is intimately associated with
a variety of biological processes that include growth
and development, the repair of wounds, increases in
body mass, the menstrual cycle, and pregnancy.
Angiogenesis begins when endothelial cells (ECs) of
the parent vessel (typically a capillary or postcapil-
lary venule) detach from the vascular wall, degrade
and penetrate the basal lamina that invests them,
and invade the surrounding interstitial extracellular
matrix (ECM) as a knoblike or cone-shaped vascular
bud or sprout. Subsequent stages of angiogenesis
involve increases in the length of individual sprouts,
the formation of lumens, and the anastomosis of
adjacent sprouts to form vascular loops and net-
works.'™® These morphogenetic processes require
ECs to exhibit a special set of complex behaviors
(sometimes referred to as an angiogenic pheno-
type?) that include migration, proliferation, intercellu-
lar alignment and adhesion, and generation of a
patent lumen.

Abnormal development of blood vessels charac-
terizes a variety of disorders that include rheumatoid
arthritis, diabetic retinopathy, hemangiomas, psoria-
sis, and the growth and metastasis of tumors; con-
sequently, understanding the mechanisms that reg-
ulate vascular growth is now recognized as an
important contribution to the treatment and resolution
of these pathologies. From the appreciation that
genes regulate cellular behavior has arisen the prop-
osition that angiogenesis is orchestrated by a pro-
gram or cascade of spatially and temporally con-
trolled expression of EC gene products. Evidence

indicates that the expression of specific gene prod-
ucts by ECs is stimulated or inhibited by a variety of
extracellular growth factors that are associated with
target tissues, organs, and tumors.®

The idea that angiogenic behaviors among ECs
are controlled by internal genetic programs that, in
turn, are influenced by external regulatory factors
has been an important paradigm for investigation; a
survey via the Medline database of angiogenesis
literature revealed that, of 882 papers published
from 1983 to 1991, 92% dealt mainly or exclusively
with factors that induce angiogenesis.® Without a
doubt, studies of the expression and regulation of
genes relevant to angiogenesis are crucial to the
identification of molecular targets for the clinical con-
trol of vascular growth; however, such studies alone
cannot fully explain the specific mechanisms that
create vascular form. The regulation of gene prod-
ucts is quantitative, ie, synthesis of individual pro-
teins can be started, stopped, or varied in amount.
The formidable and unsolved problem of vascular
morphogenesis is to determine the means by which
the quantitative modulation of specific proteins by
the angiogenic programs of individual ECs gener-
ates spatial information that directs the cells to form
complex structures, ie, multicellular tubes organized
into extensive anastomotic networks (Figure 1). It is
reasonable to assume that the nucleus, cytoplasm,
and cell surface of ECs are sites of action for gene
products relevant to vascular morphogenesis. How-
ever, in addition to these cellular compartments, we
propose that the ECM might play a particularly im-
portant role in the translation of unidimensional gene
regulation to three-dimensional vascular structure.
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Figure 1. The problem of vascular morpbogenesis. ECs that initiate
angiogenesis exhibit changes in the synthesis of specific proteins of the
nucleus, cytoplasm, cell surface, and extracellular milieu. How is this
quantitative, unidimensional information translated into a three-
dimensional structure, ie, a network of multicellular tubes?

Microvasculature in a Dish

The process of vascular growth is difficult to monitor
and to manipulate experimentally in vivo; therefore,
investigators have devised developmental models in
which ECs form multicellular cords or tubelike struc-
tures in vitro that resemble microvascular sprouts or
networks. In one approach, ECs are induced to
sprout directly from explanted segments of macro-
vasculature (eg, rat aortas sectioned into rings”~"°);
however, the majority of models generate capillary—
like structures from monotypic cultures of macrovas-
cular or microvascular ECs. Culture systems can be
simple: networks of cellular cords will arise from
confluent monolayers of ECs that are grown on un-
modified tissue culture plastic,"'~'® a phenomenon
sometimes referred to as spontaneous angiogenesis
in vitro (Figure 2A). Use of spontaneous angiogene-
sis as a model is somewhat inconvenient because it
occurs only rarely among cultured ECs. Moreover,
spontaneous development of cellular networks can

Figure 2. Isolated ECs organize into capillary-like patterns in vitro. A:
An example of spontaneous angiogenesis. Ten days after becoming
confluent on tissue culture plastic, a monolayer (dark background) of
bovine aortic ECs generates cords of cells (eg, arrow) arranged in a
planar network that lies parallel to the surface of the culture plate. B:
ECs cultured in contact with ECM form networks rapidly. In this
example, subconfluent bovine aortic ECs bave organized into a planar
network of cords (arrow) within 24 hours of plating on a layer of
Matrigel. A (X9) and B (X 249) are viewed by darkfield illumination.

require periods of culture as long as 6 weeks.""
Angiogenesis-like behaviors are expressed more
rapidly and among a greater variety of ECs in culture
systems where the ECs are placed in contact with
ECM. It is noteworthy that a variety of types of ECM
(eg, clotted fibrin, type | collagen, basement mem-
brane matrix, or serum fibronectin) in different forms
(such as thin films or thicker gels) induce morpho-
genetic activity among ECs in vitro.”:8:10:13.177-19
The influence of ECM on the generation of vascu-
lar patterns in vitro is perhaps most clearly illustrated
when ECs are cultured on top of layers of gelled
basement membrane matrix (Matrigel); within 24 to
72 hours the cells organize into an extensive network
that resembles a capillary mesh (Figure 2B).'7:20-23
We have shown that the orientative behaviors of ECs
on Matrigel depend upon the reorganization of a
portion of the Matrigel into a network of narrow tracks
or cables; ECs that contact the matrical network
assume elongate, bipolar shapes, migrate along the
aligned matrix, and with time, colonize it to form a



corresponding network of cellular cords.?' Recently,
we found that the formation of networks of ECs in the
absence of experimentally supplied layers of ECM
(ie, during spontaneous angiogenesis in vitro) is also
mediated via the association of the ECs with orga-
nized ECM. In this culture system, the confluent
monolayer of flattened, polygonal ECs generates an
underlying network of cables from endogenous ECM
(primarily type | collagen) polymerized in situ. ECs of
the monolayer that contact the collagenous network
assume spindle shapes, align, and associate with
one another to form cellular cords.® Portions of the
network of ECs, supported by their scaffold of colla-
gen, eventually become elevated above the mono-
layer of ECs. It is interesting that ECM in vitro be-
comes organized differently according to cellular
density (on Matrigel, subconfluent ECs will form net-
works whereas the spontaneous model requires a
confluent monolayer before the development of net-
works) and specific macromolecules (Matrigel con-
tains laminin, type IV collagen, and fibronectin but
lacks type | collagen). The variable circumstances
under which networks form underscore the mechan-
ical nature of the process, which involves the re-
sponse of ECM to tension generated by a planar field
of cells.

Traction, Tension, and Tessellation
in Vitro

Fibroblasts, endothelial cells, and a variety of other
cell types distort malleable substrates in vitro as they
move over them by a process referred to as trac-
tion.?"242% The phenomenon of traction can be vi-
sualized by the culturing of cells on thin films of
polymerized silicone; the pull of each cell on the
sheet of rubber generates tension wrinkles in the
sheet that emanate from beneath each cell
body.2"2¢ Concomitantly, the cells compact the rub-
ber that lies directly beneath them into a pleated
array of compression folds.2"2% Cells exert traction
on ECM in a similar manner, and it is via traction that
monolayers of subconfluent ECs organize a planar
substrate of ECM in vitro (eg, gels of Matrigel or type
| collagen) into a complex pattern®' (Figure 3, A-E).
Each EC (or aggregate of ECs) acts as a traction
center by its continual pulling of ECM toward itself.
With time, the traction centers generate radiating
traction fields of strain within vicinal ECM. Where
adjacent traction fields overlap, tension within the
ECM is enhanced (the two-center effect),2® an effect
causing fibers of ECM to align into narrow tracks that
connect the traction centers.2'2425 A planar field of
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traction centers will become connected by multiple
two-center effects that form a tessellated (ie, net-
work-like) pattern within the layer of ECM. When the
layer of ECM is highly malleable, the stresses gen-
erated by the centripetal movement of ECM to trac-
tion centers will perforate the sheet of ECM and
reorganize it into a web of cables'®2"2® (Figure 3F).
Our evidence indicates that it is via the conversion of
ECM from sheets to webs that networks of type |
collagen are generated by confluent monolayers of
ECs during spontaneous angiogenesis in vitro.'® Pla-
nar networks of ECs typically arise in vitro in intimate
association with ECM1-13:27:28. therefore, it is likely
that traction-mediated tessellation of ECM is typical
of models of vascular development that generate flat
networks of ECs.

Limitations of Planar Angiogenesis in Vitro

The behavior of ECs in planar culture systems has
been referred to as angiogenesis in vitro, largely on
the basis of the network-like organization of the cells.
It is apparent, however, that planar models exhibit
characteristics that are atypical of angiogenic neo-
vascularization in vivo. For example, planar networks
of cells form by tessellation that is simultaneous
(more or less) throughout a field of pre-positioned
ECs, a process that differs from the growth of angio-
genic sprouts that arborize by multiple levels of
branching in vivo. ECs within planar networks fre-
quently enfold the supportive scaffold of ECM and
thereby assume tubular shapes that in some cases
resemble capillaries.?2”?® The morphogenesis of
vascular lumens in vivo is poorly understood. There-
fore, it has been proposed that cords of ECM might
mediate capillary tubulogenesis by their acting as
mandrels around which the endothelial cells could
wrap,"" although matrical mandrels have not been
found in vivo. Moreover, the clearance of mandrel
material from the centers of EC tubes in vitro, which is
necessary to establish a functional lumen, is uncom-
mon. A better simulation of angiogenesis with re-
spect to invasion of ECM and formation of lumens is
achieved in cultures in which monolayers of ECs
penetrate thick substrates of gelled type | collagen in
response to phorbol esters or polypeptide growth
factors.293° The ECs enter the collagen as invagina-
tions from the surface of the cellular monolayer and
form branched tubes with patent, fluid-filled lumens,
a process that resembles tubulogenesis during the
early stages of sprout formation in vivo, in which the
lumen of the parent vessel is extended into the
sprout as an outpocketing or system of channels.’®
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Contact with malleable ECM in vitro causes a va-
riety of cell types, including ECs, to exhibit charac-
teristics of differentiation that include decreased pro-
liferation, elevated expression of cell-specific gene
products, and appropriate responses to molecular
signals. Although it is likely that ECs cultured on ECM
increase the expression of molecules contributing to
traction-mediated tessellation, the view that the tes-
sellation event itself is an indicator of vascular differ-
entiation should be approached with caution. We
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observe that non-EC types that include dermal fibro-
blasts, aortic smooth muscle cells, Leydig cells, and
TM-3 cells (a murine Leydig cell line) generate net-
works of cells and ECM on Matrigel by traction.2'31
Moreover, planar multicellular webs or networks
formed by retinal pigmented epithelial cells,®2 osteo-
blast-like cells,®® kidney epithelial cells,®* a hepato-
cyte cell line,®® and cells from enteric ganglia,®®
grown in contact with Matrigel or layers of collagen,
have morphologies indicative of a traction-mediated
mechanism of pattern formation. The fact that a va-
riety of cell types generate networks in vivo is not
surprising, as the phenomenon depends upon the
mechanical properties of an acellular ECM and a
behavior (traction) common to many cells.

Traction and Morphogenesis in Vivo

Despite the limitations of planar culture systems, it is
premature to dismiss traction-mediated phenomena
as artifacts of culture. Although traction and progres-
sive motility are mediated via the cytoskeleton, it is
unlikely that traction is a by-product of cellular mi-
gration. Cells that move rapidly in vitro (eg, macro-
phages and polymorphonuclear leukocytes) distort
malleable substrates minimally in vitro.?42® More-
over, slower moving cells such as fibroblasts exert
forces via traction that are 100- to 1000-fold greater
than is necessary to propel the cells at normal
speeds in vitro.2* It is thought that such high levels of
traction allow fibroblasts to compress and align ECM
during the repair of wounds®’ and during the devel-
opment of dense connective tissues such as ten-
dons, ligaments, and organ capsules.?®

Figure 3. Cellular traction generates patterns of order in planar ECM
in vitro. A: Viewed from above, a cellular traction center (shaded
circle) in contact with malleable, planar ECM (rectangle) generates
radial lines of tension (arrows) in the ECM that constitute a traction
field. B: An EC cultured on a layer of Matrigel is seen by scanning
electron microscopy (X 2400 at 60° of til). Ribbons of Matrigel ( m)
that comprise a traction field radiate from beneath the EC. Long
microvilli (arrows) extend from the edge of the EC and contact the
ECM. C: Tension in ECM between adjacent traction centers is en-
hanced (large arrows) as a consequence of the two-center effect. D:
Fibers of ECM (black lines) align along the direction of principal stress.
Fibers influenced by the two-center ¢ffect align to form a matrical track
that connects the traction centers. E: Traction centers (small black
dots) arranged in a field on planar ECM become connected by mat-
rical tracks (eg, arrow) that form a network. F, left panel: Where
Planar ECM (shaded) is bighly malleable, centripetal movement
(arrows) of ECM to traction centers (black dots) results in clearance of
ECM from central areas (x) that are bordered by two-center effects
(dotted lines). F, right panel: Clearance process diagrammed in left
panel is manifested as perforations (white areas) in the sheet of ECM
(shaded). Perforations are small (S) initially but enlarge with time (I).
ECM aligned by two-center effects (dotted lines) between traction
centers (black dots) is resistant to cell-generated stresses. A and C—F
are reprinted from Vernon et al.'"® Copyright © 1995 by the Society for
In Vitro Biology. Reproduced with permission of the copyright owner.



The traction of ECs in vitro is similar in magnitude
to that of dermal fibroblasts®®; therefore, it is plausi-
ble that ECs restructure ECM via traction for pur-
poses of morphogenesis in vivo. Levels of traction
applied by various human melanoma cell lines to
type | collagen in vitro were correlated positively with
their invasion of ECM and metastasis in vivo.3® Cor-
respondingly, we observe that traction-mediated
contraction of type | collagen gels by ECs in vitro is
stimulated by basic fibroblast growth factor,®® which
enhances angiogenic sprouting in vivo*® and pro-
motes invasion of collagen by ECs in vitro.*' The
function of traction in matrical invasion during angio-
genesis is unclear; traction might contribute directly
to the propulsion of ECs through ECM and/or facili-
tate the reorganization or clearance of ECM immedi-
ately ahead of invading ECs. Application of high
levels of traction force by sprouting ECs might align
ECM over greater distances and thereby form path-
ways for cellular migration, a process associated
with the movement of endocardial cells into the en-
docardial cushions of the developing chicken
heart.*2 Indeed, the existence of pathways of ECM is
consistent with the follow-the-leader behavior exhib-
ited by ECs that sprout in vivo*® and in vitro.** Matri-
cal pathways could also facilitate the development of
anastomoses between vascular sprouts (a common
occurrence in vivo); ECs at the tips of adjacent
sprouts would align ECM between them by a trac-
tion-mediated two-center effect, approach one an-
other via the matrical pathway, and fuse to establish
a common lumen (Figure 4).

Beyond the role of cellular traction in the reorga-
nization of vicinal ECM in vivo, the potential for trac-
tion/tessellation systems to generate large-scale
multicellular patterns in tissues with planar architec-
tures warrants further consideration. For example,
tessellated fields of mechanical strain that are gen-
erated in dermal ECM by the traction of primordial
dermal papillae have been implicated in the arrange-
ment of feather germs and the associated network of
connective musculature in avian skin.*®4® With re-
gard to vascular development, a variety of microvas-
cular systems exhibit planar characteristics in vivo
that render them amenable to morphogenesis via
traction, for example, the networks of microvessels
within the early avian embryo and its extraembryonic
membranes, capillary plexuses of acinar exocrine
glands and pulmonary alveoli, and microvasculature
of the eye. Indeed, the development of the chicken
and quail para-aortic and vitelline vascular plexuses
from a field of dispersed angioblasts closely resem-
bles the development of planar networks of ECs in
vitro (Figure 5)."647 The recently proposed concept
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of vascular growth in the absence of angiogenic
sprouting, termed intussusception, involves the ex-
pansion of planar capillary beds (eg, in the growing
rat lung) via the perforation of dilated or sheetlike
areas of vasculature and their subsequent conver-
sion into networks of tubes.*®“® Qbservations of pla-
nar models in vitro indicate that intussusception can
be mediated via tension; when the mechanical
strength of a sheet of cells and/or ECM is exceeded
by applied tension, reorganization of the sheet into a
network of cords is initiated when punctate mechan-
ical failures arise and enlarge as circular perforations
(Figure 3F).'®2"25 |ntussusceptive growth in vivo
might also occur in capillary networks with a three-
dimensional arrangement,*® a circumstance that
does not rule out a role for tension, which is readily
applied in three dimensions. Sources of tension that
could mediate vascular intussusception in vivo in-
clude (1) the traction of ECs within vasculature that is
prevented from retracting because of its anchorage
to surrounding tissues, (2) penetration of a vascular
network by ECM, or (3) the general expansion of
tissues (eg, via growth) to which the vasculature is
peripherally attached. Intussusception is a dynamic
process that will be difficult to identify and to study in
vivo; therefore, it will be necessary to use traction/
tessellation models in vitro to dissect the relevant
mechanical and biochemical mechanisms.

Control of the Pull: A Relevance to
Vascular Morphogenesis?

It is of critical importance that mechanisms of devel-
opment be regulated. For morphogenetic processes
that involve the restructuring of ECM, the equilibrium
between cellular traction and the opposing vis-
coelastic resistance of ECM to deformation will de-
termine the magnitude of matrical reorganization.
Gene products that would shift this equilibrium in-
clude those that affect (1) the traction-generating
elements of the cytoskeleton, (2) the mechanical
properties of the ECM, or (3) the coupling, via trans-
membrane cell surface molecules, between the
force-generating elements of the cytoskeleton and
the ECM.

Alteration of the mechanical properties of ECM
has significant effects on its response to cellular
traction in vitro. For example, decreasing the mallea-
bility of Matrigel by reducing the depth of the layer
over a rigid support (eg, glass) inhibits the alignment
of ECM by cells and prevents the development of
cellular networks.2" Similarly, the cell-mediated reor-
ganization of gelled fibrillar type | collagen in vitro is
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 FORMATION OF
 PATENT LUMEN

Figure 4. Hypothetical role of matrical pathways in the anastomosis of angiogenic sprouts in vivo is shown in diagrams A—C (clockwise from left).
A: Migratory ECs (small arrows) at tips of adjacent sprouts(S,, S,) create a connecting patbway of aligned ECM (matrical pathway) as a consequence
of a traction-mediated two-center effect. Lumens (L) of sprouts are indicated. B: Migratory ECs approach one another (arrows) via the matrical
patbway. C: The vascular loop is completed as ECs meet, adbere, and interact to form a patent lumen. D: Advancing front of the planar capillary
network within the nerve fiber layer of a fetal Macaca monkey retina (day 105 of gestation). Capillary sprouts with patent lumens that contain red
blood cells (RBC) are labeled darkly with an immunoperoxidase reaction for the cell adbesion molecule CD31, a marker for ECs. ECs at tips of sprouts
(arrows) extend filamentous, cytoplasmic processes. Matrical pathways might facilitate the formation of cytoplasmic bridges (arrowheads) that
initiate anastomosis. D (X 250) is courtesy of R. F. Gariano, Department of Opbthalmology, University of Washington.

suppressed as the concentration of collagen in the
gel is increased.?'38 Potentially, cells can regulate
the mechanical properties of vicinal ECM by the
secretion of molecules with specific physical char-
acteristics. We observe that the spontaneous devel-
opment of matrical networks by bovine aortic ECs in
vitro requires the secretion of type | collagen by
these cells; cultures that lack this collagen do not
generate networks of ECM."® Fibrils of type | colla-
gen are well suited for reorganization by traction

because elastic interactions between the fibrils allow
the transmission of stress over significant distances.
Conversely, secretion of fibrillar collagens by cells is
likely to increase the tensile strength of the surround-
ing ECM as a consequence of physical entangle-
ment of the fibers and of the presence of covalent
cross-links between fibers. The stiffening properties
of fibrillar collagens might be important for vascular
growth and stability; inhibitors of collagen deposition
and cross-linking induce regression of capillary net-



Figure 5. Behavior of ECs on matrical scaffolds in vitro resembles the
cytoarchitecture of vascular development in vivo. A: Bovine capillary
ECs are assuming a tessellated pattern on thin strands of fibrillar type
1 collagen. Geometric centers (X) of three polygonal tesserae are indi-
cated. Arrows indicate areas where the strands of collagen are most
clearly visible in this phase-contrast image. ECs migrating on the ECM
exhibit tapered morphologies (arrowheads). B: Arrangement of ECs in
the developing para-aortic vasculature of a quail embryo (six-somite
stage) is revealed by immunofluorescence and laser confocal micros-
copy. ECs are labeled with an antibody to QHI, a marker for primor-
dial ECs. Geometric centers of three vascular polygons are indicated
(1, 2, and 3). Polygon 3 bas an acellular gap (g) with the potential for
closure by migration (small arrows) of two opposed ECs. An initial
stage of network closure is represented by the thin, cellular extension
(arrowhead) that separates polygon 1 from polygon 2. Thicker, multi-
cellular cords (large arrows) comprise areas of greater maturity. Nu-
clei (n) of endothelial cells appear as dark ovals. A (X 100); B (X 145)
is reprinted from Vernon et al.'® Copyright © 1995 by the Society for In
Vitro Biology. Reproduced with permission of the copyright owner.

works in the growing chick chorioallantoic mem-
brane, presumably because a mechanically stable
substrate to which the growing capillaries can an-
chor is not formed.®°

Evidence indicates that the secretion of proteases
by ECs is an important element of the angiogenic
process. For example, inhibition of endogenous met-
alloproteinases blocks angiogenesis within the chick
chorioallantoic membrane,®’ suppresses the inva-
sion of type | collagen gels by tubular sprouts of
human ECs in vitro,%2 decreases the contraction of
type | collagen gels by bovine ECs in vitro,*® and
inhibits the organization of ECs into networks on
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Matrigel in vitro.?? It has been proposed that prote-
olysis of ECM facilitates angiogenesis through the
release of bound molecular factors that promote vas-
cular growth; however, it is likely that the primary
effect is the reduction of the mechanical resistance
of ECM to penetration and reorganization by migra-
tory ECs.%® The importance of proteolysis to angio-
genesis is underscored by the observation that two
potent stimulators of angiogenesis in vitro and in vivo,
basic fibroblast growth factor and vascular endothe-
lial growth factor, enhance the degradation of ECM
by ECs through their increased synthesis of plasmin-
ogen activator, collagenase, and other proteases.® It
appears, however, that the range of matrical prote-
olysis that is angiogenic has an upper limit; for ex-
ample, the inhibition of tubulogenesis in vitro by mu-
rine ECs that express the polyoma middle T
oncogene is believed to be caused by excessive
mechanical disruption of their supportive fibrin ma-
trix by endogenous proteases.®>* Maintenance of a
range of matrical malleability that is optimal for inva-
sion, growth, and morphogenesis during neovascu-
larization is likely to reflect a balance between the
degradation of ECM (a function of the interactions
between proteases and their cognate inhibitors) and
synthesis of new ECM. This balance might be
achieved, in part, via opposed effects of angiogenic
factors; in contrast to basic fibroblast growth factor
and vascular endothelial growth factor, the angio-
genic transforming growth factor-g enhances the in-
tegrity of ECM through its inhibition of proteolysis
and stimulation of ECM synthesis. Transforming
growth factor-g inhibits synthesis of plasminogen
activator and stimulates synthesis of plasminogen
activator inhibitor 1 by capillary ECs.®®> Moreover,
transforming growth factor-g increases the secretion
of tissue inhibitor of metalloproteinases by fibro-
blasts®® and stimulates fibroblasts to synthesize
structural components of ECM such as collagen and
fibronectin.57-%°

For traction-mediated interactions between ECs
and ECM to occur, forces developed by the cy-
toskeleton must be transmitted across the plasma
membrane to the ECM. Mediators of this process
include the integrins, which are transmembrane re-
ceptors that physically link actin-associated pro-
teins, such as talin, vinculin, a-actinin, and paxillin, to
ECM.®°-82 |ntegrins are a family of molecules com-
prised of at least 20 heterodimers formed from non-
covalently associated a- and B-subunits; it is the
combination of a particular a- and B-subunit that
determines, to a large extent, receptor specificity.
Integrins that are important mediators of cellular at-
tachment to type | collagen include a8, a,B8,, and
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azB,. Integrin a,B, is associated with traction-
mediated reorganization of type | collagen by human
fibroblasts®® and by metastatic human melanoma
cell lines,®® as shown by inhibition of collagen gel
contraction with specific antibodies in vitro. Accord-
ingly, the synthesis of integrin a,B, (but not of inte-
grins a,B; or azB,) is selectively increased among
fibroblasts grown on collagen gels.®® Moreover, the
stimulation of B, integrin-mediated collagen gel con-
traction among fibroblasts in vitro by angiogenic
platelet-derived growth factor®® is accomplished by
a selective increase in the synthesis of the a, sub-
unit.®® Integrin a,B, is present on capillaries in vivo®®
and on isolated microvascular ECs in vitro.%” The
reorganization, by EC monolayers, of solubilized
fibrils of type | collagen into a planar, cell-bearing
network in vitro is inhibited by antibodies against
integrin a,B,%8; therefore, it is likely that this integrin
plays an important role in the application of traction
to type | collagen by ECs in vitro. Although a,B; is a
major factor in the attachment of umbilical vein ECs
to laminin in vitro,° it plays little or no role in the
traction-mediated organization of umbilical vein ECs
into networks on Matrigel in vitro,?® a process depen-
dent on the laminin-binding integrin agB,.2%7° Ex-
pression of a number of integrins of the B, subfamily
(asBq, as3B4, asBy, and agB+) on capillary ECs in vitro
is stimulated by basic fibroblast growth factor®’;
however, the functions of B, integrins in vascular
morphogenesis in vivo remain unclear. A monoclonal
antibody (CSAT) against avian B, integrins induces
abnormalities of aortic vasculogenesis in the quail
embryo that include inhibition of luminal develop-
ment*’; however, CSAT does not inhibit angiogene-
sis in the chick chorioallantoic membrane despite
the presence of B, integrins in nascent vessels.”" In
contrast, angiogenesis in the chick chorioallantoic
membrane is inhibited by antibodies against «,85,”"
an integrin that interacts with a variety of ECM com-
ponents that include fibrinogen, von Willebrand fac-
tor, vitronectin, and denatured type | collagen.”>7”®
Integrin «, B85 is expressed preferentially by angio-
genic vasculature”"”* and, therefore, might function
during the invasion of ECM by ECs, a hypothesis
supported by the finding that human melanoma cells
with an enhanced potential for metastasis exhibit
elevated levels of a, 85 in vitro”® and in vivo.”®

Summary: Between Molecules and
Morphology

In response to an angiogenic stimulus, ECs initiate
programs of gene expression that result in the quan-

titative alteration of gene products within nuclear,
cytoplasmic, cell surface, and extracellular compart-
ments. During the formation of new microvascula-
ture, patterns of molecular expression among indi-
vidual ECs must direct the creation of complex,
multicellular morphologies in two and three dimen-
sions. Studies in vitro indicate that cell-generated
forces of tension can organize ECM into structures
that direct the behavior of single cells (via influences
on cellular elongation, alignment, and migration) and
that provide positional information for the creation of
multicellular patterns. Significantly, the formation of
organized matrical structures is controlled by gene
products (of ECs or other cell types that populate the
ECM) that influence the balance between the forces
of cellular tension and the viscoelastic resistance of
the ECM. Regulation of relevant genes could be
accomplished by soluble molecular signals (eg,
growth factors) and/or solid-state signals arising
from specific arrangements of cytoskeletal structure
that, in turn, are a function of the equilibrium between
cellular tension and matrical resistance.”” Within
cells, information for the construction of complex
organelles is encoded in the shapes of the constitu-
ent molecules. Similarly, the creation of complex vas-
cular architecture must be mediated by molecular
shapes, a fact that is readily apparent in simple
receptor-ligand interactions such as the binding of
growth factors to ECs or the attachment of ECs to
one another. However, between molecules and mor-
phology also exists a set of multilayered, interactive,
multimolecular systems that establish vascular form
at unicellular and multicellular levels. Characteriza-
tion of these systems is an elusive target that resides
at the frontier of vascular biology; the identification of
models in vitro that accurately reproduce macroscale
events of vascular morphogenesis should advance
considerably our understanding of vascular devel-
opment and lead to an elucidation of its regulation
in vivo.

References

1. Ausprunk DH, Folkman J: Migration and proliferation of
endothelial cells in preformed and newly formed blood
vessels during tumor angiogenesis. Microvasc Res
1977, 14:53-65

2. Paweletz N, Knierim M: Tumor-related angiogenesis.
Crit Rev Oncol Hematol 1989, 9:197-242

3. Paku S, Paweletz N: First steps of tumor-related angio-
genesis. Lab Invest 1991, 65:334-346

4. Folkman J: Angiogenesis: retrospect and outlook. An-
giogenesis. Edited by R Steiner, PB Weisz, R Langer.
Basel, Birkhauser Verlag, 1992, pp 4-13



12.

13.

14.

15.

16.

18.

19.

. Zagzag D: Angiogenic growth factors in neural embry-

ogenesis and neoplasia. Am J Pathol 1995, 146:293-
309

. Konerding MA, vanAckern C, Steinberg F, Streffer C:

Combined morphological approaches in the study of
network formation in tumor angiogenesis. Angiogene-
sis. Edited by R Steiner, PB Weisz, R Langer. Basel,
Birkhauser Verlag, 1992, pp 40-58

. Nicosia RF, Tchao R, Leighton J: Angiogenesis-

dependent tumor spread in reinforced fibrin clot cul-
ture. Cancer Res 1983, 43:2159-2166

. Mori M, Sadahira Y, Kawasaki S, Hayashi T, Notohara

K, Awai M: Capillary growth from reversed rat aortic
segments cultured in collagen gel. Acta Pathol Jpn
1988, 38:1503-1512

. Diglio CA, Grammas P, Giacomelli F, Wiener J: Angio-

genesis in rat aorta ring explant cultures. Lab Invest
1989, 60:523-531

. Nehls V, Schuchardt E, Drenckhahn D: The effect of

fibroblasts, vascular smooth muscle cells, and peri-
cytes on sprout formation of endothelial cells in a fibrin
gel angiogenesis system. Microvasc Res 1994, 48:
349-363

. Folkman J, Haudenschild C: Angiogenesis in vitro. Na-

ture 1980, 288:551-556

Feder J, Marasa JC, Olander JV: The formation of
capillary-like tubes by calf aortic endothelial cells
grown in vitro. J Cell Physiol 1983, 116:1-6

Ingber DE, Folkman J: Mechanochemical switching
between growth and differentiation during fibroblast
growth factor-stimulated angiogenesis in vitro: role of
extracellular matrix. J Cell Biol 1989, 109:317-330
Iruela-Arispe ML, Diglio CA, Sage EH: Modulation of
extracellular matrix proteins by endothelial cells under-
going angiogenesis in vitro. Arterioscl Thromb 1991,
11:805-815

Battegay EJ, Rupp J, Iruela-Arispe L, Sage EH, Pech
M: PDGF-BB modulates endothelial proliferation and
angiogenesis in vitro via PDGF B-receptors. J Cell Biol
1994, 125:917-928

Vernon RB, Lara SL, Drake CJ, Iruela-Arispe ML, Ang-
ello JC, Little CD, Wight TN, Sage EH: Organized type
I collagen influences endothelial patterns during
“spontaneous angiogenesis in vitro”: planar cultures as
models of vascular development. In Vitro Cell Dev Biol
Animal 1995, 31:120-131

. Kubota Y, Kleinman HK, Martin GR, Lawley TJ: Role of

laminin and basement membrane in the morphological
differentiation of human endothelial cells into capillary-
like structures. J Cell Biol 1988, 107:1589-1598
Gamble JR, Matthias LJ, Meyer G, Kaur P, Russ G,
Faull R, Berndt MC, Vadas MA: Regulation of in vitro
capillary tube formation by anti-integrin antibodies. J
Cell Biol 1993, 121:931-943

Marx M, Perimutter RA, Madri JA: Modulation of plate-
let-derived growth factor receptor expression in micro-
vascular endothelial cells during in vitro angiogenesis.
J Clin Invest 1994, 93:131-139

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Molecules and Morphology 881
AJP October 1995, Vol. 147, No. 4

Grant DS, Tashiro K-1, Segui-Real B, Yamada Y, Martin
GR, Kleinman HK: Two different laminin domains me-
diate the differentiation of human endothelial cells into
capillary-like structures. Cell 1989, 58:933-943
Vernon RB, Angello JC, Iruela-Arispe ML, Lane TF,
Sage EH: Reorganization of basement membrane ma-
trices by cellular traction promotes the formation of
cellular networks in vitro. Lab Invest 1992, 66:536-547
Schnaper HW, Grant DS, Stetler-Stevenson WG, Frid-
man R, D'Orazi G, Murphy AN, Bird RE, Hoythya M,
Fuerst TR, French DL, Quigley JP, Kleinman HK: Type
IV collagenase(s) and TIMPs modulate endothelial cell
morphogenesis in vitro. J Cell Physiol 1993, 156:235-
246

Davis GE, Camarillo CW: Regulation of endothelial cell
morphogenesis by integrins, mechanical forces, and
matrix guidance pathways. Exp Cell Res 1995, 216:
113-123

Harris AK, Stopak D, Wild P: Fibroblast traction as a
mechanism for collagen morphogenesis. Nature 1981,
290:249-251

Stopak D, Harris AK: Connective tissue morphogenesis
by fibroblast traction. Dev Biol 1982, 90:383-398
Harris AK, Wild P, Stopak D: Silicone rubber substrata:
a new wrinkle in the study of cell locomotion. Science
1980, 208:177-179

Jackson CJ, Jenkins KL: Type | collagen fibrils promote
rapid vascular tube formation upon contact with the
apical side of cultured endothelium. Exp Cell Res 1991,
192:319-323

Sage EH, Vernon RB: Regulation of angiogenesis by
extracellular matrix: the growth and the glue. J Hyper-
tension 1994, 12(supp! 10):S145-S152

Montesano R, Orci L: Tumor-promoting phorbol esters
induce angiogenesis in vitro. Cell 1985, 42:469-477
Montesano R, Orci L: Phorbol esters induce angiogen-
esis in vitro from large-vessel endothelial cells. J Cell
Physiol 1987, 130:284-291

Vernon RB, Lane TF, Angello JC, Sage H: Adhesion,
shape, proliferation, and gene expression of mouse
Leydig cells are influenced by extracellular matrix in
vitro. Biol Reprod 1991, 44:157-170

Kennedy A, Frank RN, Sotolongo LB, Das A, Zhang NL:
Proliferative response and macromolecular synthesis
by ocular cells cultured on extracellular matrix materi-
als. Curr Eye Res 1990, 9:307-322

Vukicevic S, Luyten FP, Kleinman HK, Reddi AH: Dif-
ferentiation of canalicular cell processes in bone cells
by basement membrane matrix components: regula-
tion by discrete domains of laminin. Cell 1990, 63:437-
445

Taub M, Wang Y, Szczesny TM, Kleinman HK: Epider-
mal growth factor or transforming growth factor « is
required for kidney tubulogenesis in matrigel cultures
in serum-free medium. Proc Natl Acad Sci USA 1990,
87:4002-4006

DiPersio CM, Jackson DA, Zaret KS: The extracellular
matrix coordinately modulates liver transcription fac-



882 Vernon and Sage
AJP October 1995, Vol. 147, No. 4

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

tors and hepatocyte morphology. Mol Cell Biol 1991,
11:4405-4414

Bergsteinsdottir K, Hashimoto Y, Brennan A, Mirsky R,
Jessen KR: The effect of three-dimensional collagen
type | preparation on the structural organization of
guinea pig enteric ganglia in culture. Exp Cell Res
1993, 209:64-75

Reed MJ, Vernon RB, Abrass IB, Sage EH: TGF-B1
induces the expression of type | collagen and SPARC,
and enhances contraction of collagen gels, by fibro-
blasts from young and aged donors. J Cell Physiol
1994, 158:169-179

Vernon RB, Sage EH: Contraction of fibrillar type |
collagen by endothelial cells: a study in vitro. J Cell
Biochem 1995 (in press)

Klein CE, Dressel D, Steinmayer T, Mauch C, Eckes B,
Krieg T, Bankert RB, Weber L: Integrin a,B, is upregu-
lated in fibroblasts and highly aggressive melanoma
cells in three-dimensional collagen lattices and medi-
ates the reorganization of collagen | fibrils. J Cell Biol
1991, 115:1427-1436

Olivo M, Bhardwaj R, Schulze-Osthoff K, Sorg C, Jacob
HJ, Flamme |: A comparative study on the effects of
tumor necrosis factor-a (TNF-a), human angiogenic
factor (h-AF) and basic fibroblast growth factor (bFGF)
on the chorioallantoic membrane of the chick embryo.
Anat Rec 1992, 234:105-115

Montesano R, Vassalli J-D, Baird A, Guillemin R, Orci L:
Basic fibroblast growth factor induces angiogenesis in
vitro. Proc Natl Acad Sci USA 1986, 83:7297-7301
Markwald RR, Fitzharris TP, Bolender DL, Bernanke
DH: Structural analysis of cell:matrix association during
the morphogenesis of atrioventricular cushion tissue.
Dev Biol 1979, 69:634-654

Folkman J: Tumor angiogenesis. Adv Cancer Res
1985, 43:175-203

Fournier N, Doillon CJ: In vitro angiogenesis in fibrin
matrices containing fibronectin or hyaluronic acid. Cell
Biol Int Rep 1992, 16:1251-1263

Harris AK, Stopak D, Warner P: Generation of spatially
periodic patterns by a mechanical instability: a me-
chanical alternative to the Turing model. J Embryol Exp
Morphol 1984, 80:1-20

Murray JD: Mathematical Biology. Berlin, Springer-
Verlag, 1989, pp 525-558

Drake CJ, Davis LA, Little CD: Antibodies to B;-
integrins cause alterations of aortic vasculogenesis, in
vivo. Dev Dynam 1992, 193:83-91

Burri PH: Intussusceptive microvascular growth, a new
mechanism of capillary network formation. Angiogene-
sis. Edited by R Steiner, PB Weisz, R Langer. Basel,
Birkhauser Verlag, 1992, pp 32-39

Patan S, Alvarez MJ, Schittny JC, Burri PH: Intussus-
ceptive microvascular growth: a common alternative to
capillary sprouting. Arch Histol Cytol 1992, 55 (suppl):
65-75

Ingber D, Folkman J: Inhibition of angiogenesis

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

through modulation of collagen metabolism. Lab Invest
1988, 59:44-51

Moses MA, Sudhalter J, Langer R: Identification of an
inhibitor of neovascularization from cartilage. Science
1990, 248:1408-1410

Fisher C, Gilbertson-Beadling S, Powers EA, Petzold G,
Poorman R, Mitchell MA: Interstitial collagenase is re-
quired for angiogenesis in vitro. Dev Biol 1994, 162:
499-510

Moscatelli D, Rifkin DB: Membrane and matrix localiza-
tion of proteases: a common theme in tumor invasion
and angiogenesis. Biochim Biophys Acta 1988, 948:
67-85

Montesano R, Pepper MS, Mohle-Steinlein U, Risau W,
Wagner EF, Orci L: Increased proteolytic activity is
responsible for the aberrant morphogenetic behavior
of endothelial cells expressing the middle T oncogene.
Cell 1990, 62:435-445

Saksela O, Moscatelli D, Rifkin DB: The opposing ef-
fects of basic fibroblast growth factor and transforming
growth factor B on the regulation of plasminogen acti-
vator activity in capillary endothelial cells. J Cell Biol
1987, 105:957-963

Overall CM, Wrana JL, Sodek J: Independent regula-
tion of collagenase, 72-kDa progelatinase, and met-
alloendoproteinase inhibitor (TIMP) expression in hu-
man fibroblasts by transforming growth factor-g. J Biol
Chem 1989, 264:1860-1869

Ignotz RA, Massagu'e J: Transforming growth factor g
stimulates the expression of fibronectin and collagen
and their incorporation into extracellular matrix. J Biol
Chem 1986, 261:4337-4345

Roberts CJ, Birkenmeier TM, McQuillan JJ, Akiyama
SK, Yamada SS, Chen W-T, Yamada KM, McDonald
JA: Transforming growth factor B stimulates the ex-
pression of fibronectin and of both subunits of the
human fibronectin receptor by cultured human lung
fibroblasts. J Biol Chem 1988, 263:4586-4592

Phan SH, Gharaee-Kermani M, Wolber F, Ayan US:
Stimulation of rat endothelial cell transforming growth
factor-g production by bleomycin. J Clin Invest 1991,
87:148-154

Beckerle MC, Yeh RK: Talin: role at sites of cell-
substratum adhesion. Cell Motil Cytoskel 1990, 16:
7-13

Otey CA, Pavalko FM, Burridge K: An interaction be-
tween a-actinin and the B, integrin subunit in vitro. J
Cell Biol 1990, 111:721-729

Turner CE, Glenney JR, Burridge K: Paxillin: a new
vinculin-binding protein present in focal adhesions. J
Cell Biol 1990, 111:1059-1068

Schiro JA, Chan BMC, Roswit WT, Kassner PD, Pent-
land AP, Hemler ME, Elsen AZ, Kupper TS: Integrin
a,B, (VLA-2) mediates reorganization and contraction
of collagen matrices by human cells. Cell 1991, 67:
403-410

Gullberg D, Tingstrém A, Thuresson A-C, Olsson L,
Terracio L, Borg TK, Rubin K: B, integrin-mediated



65.

66.

67.

68.

69.

70.

7.

collagen gel contraction is stimulated by PDGF. Exp
Cell Res 1990, 186:264-272

Ahlén K, Rubin K: Platelet-derived growth factor-BB
stimulates synthesis of the integrin a,-subunit in human
diploid fibroblasts. Exp Cell Res 1994, 215:347-353
Zutter MM, Santoro SA: Widespread histologic distribu-
tion of the a,B, integrin cell-surface collagen receptor.
Am J Pathol 1990, 137:113-120

Klein S, Giancotti FG, Presta M, Albelda ST, Buck CA,
Rifkin DB: Basic fibroblast growth factor modulates
integrin expression in microvascular endothelial cells.
Mol Biol Cell 1993, 4:973-982

Jackson CJ, Knop A, Giles |, Jenkins K, Schrieber L:
VLA-2 mediates the interaction of collagen with endo-
thelium during in vitro vascular tube formation. Cell Biol
Int 18:859-867

Languino LR, Gehlsen KR, Wayner E, Carter WG, En-
gvall E, Ruoslahti E: Endothelial cells use a,f, integrin
as a laminin receptor. J Cell Biol 1989, 109:2455-2462
Bauer J, Margolis M, Schreiner C, Edgell C-J, Azizkhan
J, Lazarowski E, Juliano RL: In vitro model of angiogen-
esis using a human endothelium-derived permanent
cell line: contributions of induced gene expression,
G-proteins, and integrins. J Cell Physiol 1992, 153:
437-449

Brooks PC, Clark RAF, Cheresh DA: Requirement of
vascular integrin «, B85 for angiogenesis. Science 1994,
264:569-571

72.

73.

74.

75.

76.

77.

Molecules and Morphology 883
AJP October 1995, Vol. 147, No. 4

Cheresh DA: Human endothelial cells synthesize and
express an arg-gly-asp-directed adhesion receptor
involved in attachment to fibrinogen and von Will-
ebrand factor. Proc Natl Acad Sci USA 1987, 84:6471-
6475

Davis GE: Affinity of integrins for damaged extracellular
matrix: a,B; binds to denatured collagen type | through
RGD sites. Biochem Biophys Res Commun 1992, 182:
1025-1031

Enenstein J, Kramer RH: Confocal microscopic analy-
sis of integrin expression on the microvasculature and
its sprouts in the neonatal foreskin. J Invest Dermatol
1994, 103:381-386

Gehlsen KR, Davis GE, Sriramarao P: Integrin expres-
sion in human melanoma cells with differing invasive
and metastatic properties. Clin Exp Metastasis 1992,
10:111-120

Albelda SM, Mette SA, Elder DE, Stewart R, Damjano-
vich L, Herlyn M, Buck CA: Integrin distribution in ma-
lignant melanoma: association of the B subunit with
tumor progression. Cancer Res 1990, 50:6757-6764
Ingber DE, Dike L, Hansen L, Karp S, Liley H, Maniotis
A, McNamee H, Mooney D, Plopper G, Sims J, Wang
N: Cellular tensegrity: exploring how mechanical
changes in the cytoskeleton regulate cell growth, mi-
gration, and tissue pattern during morphogenesis. Int
Rev Cytol 1994, 150:173-224



