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ABSTRACT: Angiogenesis is the formation of new capillary blood vessels from preexisting
vessels. It is involved in many normal and diseased conditions, as well as in the application
of tissue-engineered products. There has been extensive eﬀort made to develop strategies
for controlling pathological angiogenesis and for promoting vascularization in biomedical
engineering applications. Central to advancing these strategies is a mechanistic understanding
of the angiogenic process. Angiogenesis is tightly regulated by local tissue environmental
factors, including soluble molecules, extracellular matrices, cell–cell interactions, and diverse
mechanical forces. Great advances have been made in identifying the biochemical factors
and intracellular signaling pathways that mediate the control of angiogenesis. This review
focuses on work that explores the biophysical aspect of angiogenesis regulation. Speciﬁcally,
we discuss the role of cell-generated forces, counterforces from the extracellular matrix, and
mechanical forces associated with blood ﬂow and extravascular tissue activity in the regulation
of angiogenesis. Because angiogenesis occurs in a mechanically dynamic environment, future
investigations should aim at understanding how cells integrate chemical and mechanical
signals so that a rational approach to controlling angiogenesis will become possible. In this
regard, computational models that incorporate multiple epigenetic factors to predict capillary patterning will be useful.
KEY WORDS: capillary morphogenesis, endothelial cells, extracellular matrix, blood ﬂow,
muscle contraction, mechanotransduction

I. INTRODUCTION

Angiogenesis refers to the formation of new capillary blood vessels from preexisting
capillaries (or venules) in the embryo and adult organism. It occurs infrequently in
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healthy adults, except during ovulation, pregnancy, wound healing, and exercise training.¹-⁶ Because of the fundamental role of angiogenesis in a large number of diﬀerent
and unrelated diseases and in several bioengineering applications, angiogenesis has
become a focus of attention for many scientists from various ﬁelds.³-⁵,⁷,⁸ For example,
the aggressive outgrowth of blood vessels is involved in cancer, atherosclerosis, chronic
inﬂammation, and diabetic retinopathy, whereas insuﬃcient blood vessel formation
is associated with scarring following myocardial infarction and chronic wound healing failure.³-⁵,⁷ In the ﬁeld of bioengineering, the performance of implanted sensors,
drug-delivery systems, and engineered tissues is limited by inadequate transport
between them and blood vessels.⁸,⁹ Promoting vascular growth toward or within
these products is a key element to their success. Thus, there has been extensive effort made to develop strategies for controlling pathological angiogenesis and for
promoting vascularization in biomedical engineering applications.
Angiogenesis is tightly regulated by several microenvironmental factors in
the blood vessel, including soluble molecules (e.g., growth factors and cytokines),
extracellular matrices (ECM), interactions between adjacent endothelial cells
(ECs) and ECs with other cell types, as well as mechanical forces originating from
ECs themselves, blood ﬂow, and extravascular tissue activity (Fıg. 1).²,¹⁰,¹¹ While
enormous strides have been made toward understanding the biochemical aspect
of angiogenesis regulation, the same level of understanding does not exist for the
mechanical contributions. There is, however, a rise of interest in understanding
the role of mechanical forces in angiogenesis, in part owing to the ever-growing
recognition that the mechanical environment of cells aﬀects many aspects of their
physiology and pathology.¹²
Although there are several comprehensive reviews on various aspects of angiogenesis, very few have focused on the role of the intrinsic forces generated by cells
and the extrinsic forces applied on cells in angiogenesis regulation. The intention
of this critical review is to ﬁll this gap and stimulate interest in this exciting area
of research.
The speciﬁc objectives of this review are as follows:
1. to provide an overview of the structure and function of blood vessels, with a
focus on capillaries and ECs.
2. to describe the steps that are involved in the formation of blood vessels.
3. to provide an overview of assays that are commonly used for investigating
angiogenic mechanisms.
4. to describe the role of endogenous biochemical factors in the regulation of
angiogenesis.
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FIGURE 1. Microenvironmental cues that can affect angiogenesis include soluble factors
(e.g., growth factors and cytokines), extracellular matrix molecules, as well as cell–cell and
cell–matrix interactions via adhesion molecules.2 Cell-generated forces and mechanical
forces associated with blood flow (shown here) and extravascular tissue activity also play a
role in the regulation of angiogenesis.10,11

5. To describe the three critical elements that deﬁne the mechanical environment of
ECs in vivo: self-generated forces, counterforces from the ECM, and externally
applied forces resulting from common physiological processes in the body. The
eﬀects of these diverse forces on angiogenesis are considered.
6. To describe computational models that integrate multiple epigenetic factors to
predict capillary patterning.

II. STRUCTURE AND FUNCTION OF VASCULAR SYSTEM

The fundamental function of the vascular system is to deliver oxygen and nutrients
to and remove waste from peripheral tissues.¹³,¹⁴ There are three main types of
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FIGURE 2. Comparison between different types of blood vessels. *: Approximate numbers.
(Adapted from Berne RM, Levy MN, editors. Physiology. 4 ed. St. Louis, MO: Mosby, 1998,14
with permission of Elsevier; and Moffett et al. Human Physiology: Foundations and Frontiers.
2 ed. Dubuque, IO: WCB Publishers, 1993,13 with permission of McGraw-Hill.)

blood vessels: arteries, veins, and capillaries. All blood vessels except capillaries have
three distinct layers surrounding a central blood carrying lumen (Fıg. 2).¹³,¹⁴ The
outermost layer, called tunica adventitia, is a zone of connective tissue composed of
collagenous and elastic ﬁbers that enable the vessel to stretch and recoil. The middle
layer, called tunica media, is made of alternating layers of elastic ﬁbers and smooth
muscle cells (SMCs). This layer is especially thick in the arteries, which must be
strong and elastic to sustain the large, pulsatile pressures caused by the intermittent
blood outﬂow from the heart. The innermost layer, called tunica intima, is lined
with a continuous monolayer of ECs, whose luminal surface is decorated with
a ﬁlamentous, carbohydrate-rich coating called the glycocalyx¹⁵-¹⁷; the abluminal
surface is supported by a basement membrane that is composed mainly of laminin,
type IV collagen, and proteoglycans.¹⁸-²² Capillaries lack the structured outer layers and consist only of the endothelium and a single layer of perivascular cells. The
capillary basement membrane is covered with pericytes, which are slender, undifferentiated mesenchymal cells providing structural support and paracrine signals
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to the capillary (Fıg. 1).²³ Pericytes distribute sparsely on capillaries and are most
abundant on venules.²³
Microcirculation refers to the ﬂow of blood between arterioles and venules through
capillaries (Fıg. 3A). The capillaries arising from a single arteriole typically form an
interconnecting network, called a capillary bed, to serve a discrete area of tissue.¹³,¹⁴
The average velocity of blood ﬂow in the capillaries is approximately 1 mm/sec, but
it can vary from several millimeters per second in the same vessel within a brief
period. Because blood ﬂow through the capillaries provides for exchange of gases
and solutes between blood and tissue, it has been called nutritional ﬂow.¹³,¹⁴
The capillaries of most organs have closely joined ECs whose intercellular
junctions regulate the passage of molecules across the blood vessel wall (Fıg. 3B).
Interendothelial junctions consist of adherens junctions, tight junctions, and gap
junctions; the ﬁrst two are the most important in regulating vascular permeability.²⁴-²⁷
The organization of cell–cell junctions requires adhesion molecules such as cadherins
and occludins in adherens and tight junctions, respectively. The extracellular domains
of cadherins and occludins on an EC bind to those on an adjacent EC (homotypic
interactions), while their cytoplasmic domains are linked to the cytoskeleton via
linker proteins. The distance between plasma membranes at adherens junctions is
about 20 nm, whereas there are essentially no gaps at tight junctions.²⁵,²⁶,²⁸,²⁹ Tight
junctions are the prevailing junctional structures in brain capillaries, which form a
blood–brain barrier and are less permeable to plasma substances than capillaries in
other organs where adherens junctions are prominent. Vascular endothelial-cadherin
(VE-cadherin or cadherin-5) is the major component at adherens junctions between
ECs.²⁵,²⁷ This is discussed further in Section V.

III. FORMATION OF VASCULAR SYSTEM

Blood vessels are constructed by two processes: vasculogenesis, whereby a primitive
vascular network is established during embryogenesis from EC precursors; and
angiogenesis, in which preexisting vessels (both in embryo and adult) give rise to
new vessels through intussusception and sprouting mechanisms.¹,²,³⁰ ECs are the
major cellular players in both of the angiogenic mechanisms.

III.A. Vasculogenesis

The ﬁrst blood vessels in an embryo consist only of ECs, whose precursors originate
from the mesoderm.¹,² A subset of mesodermal stem cells called hemangioblasts
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FIGURE 3. Microcirculation and interendothelial junctions. (A) Schematic drawing of blood
flow between an arteriole and a venule through a capillary bed. (Adapted from Berne
RM, Levy MN, editors. Physiology. 4 ed. St. Louis, MO: Mosby, 1998,14 with permission of
Elsevier.) (B) Schematic drawing of adherens and tight junctions between two endothelial
cells. The extracellular domains of cadherins (at adherens junctions) and occludins (at tight
junctions) on an endothelial cell bind to those on an adjacent cell, while their cytoplasmic
domains are linked to the cytoskeleton via linker proteins. Vascular endothelial-cadherin
(VE-cadherin) is an endothelial-specific cadherin; its intracellular domain interacts with βand γ-catenins, which are linked to actin filaments via α-catenin.25,27 Occludins also bind to
the actin filaments indirectly (not shown).
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diﬀerentiates from their ﬁbroblast-like precursors shortly after having migrated
through the primitive streak during gastrulation.³¹,³² In the embryonic yolk sac,
hemangioblasts form aggregates in which the inner cells diﬀerentiate into hematopoietic cell lines and the outer population into EC precursors (i.e., angioblasts).³³-³⁵
Angioblasts diﬀerentiate into ECs and coalesce into a primitive network of vessels
known as the primary capillary plexus (Fıg. 4A).¹,² The plexuses occur in the human
embryo in the course of the third week.³⁶ This EC lattice created by vasculogenesis
then serves as a scaﬀold for angiogenesis.
During vasculogenesis, embryological mechanisms of pattern formation determine the sites of the primary channels that will later become the major arteries and
veins.³⁷ This process is predetermined by hereditary factors, although the subsequent
development of these channels is inﬂuenced by both genetic and environmental
factors. Readers interested in the development of arteries and veins are referred to
other resources.¹,²,³⁸-⁴¹

III.B. Angiogenesis
1. Vessel Splitting

Intussusception (also called pillar morphogenesis or intussusceptive angiogenesis) refers
to the process by which a single capillary splits into two capillaries from within.¹,⁴²
As shown in Fıgure 4B, activated ECs from opposite sides of the capillary protrude
into the lumen and fuse, creating a pillar-like structure across the capillary. This
pillar elongates in the direction of the vessel axis, leading to the generation of two
parallel capillaries.

2. Vessel Sprouting

Sprouting (also called tubular morphogenesis or sprouting angiogenesis) refers to the
process in which activated ECs branch out from an existing capillary (or venule),
extending through the surrounding matrix to form a new vessel (Fıg. 4B).¹,² The
following events occur during sprouting: (1) dissolution of the basement membrane
and detachment of pericytes at the site of branching; (2) migration of ECs toward
the extracellular space and formation of an endothelial sprout; (3) proliferation of
ECs trailing behind the leading ECs; (4) formation of lumen in the endothelial
sprout; (5) formation of a closed loop with another vessel (i.e., anastomoses); and
(6) recruitment of pericytes and formation of the basement membrane around the
new vessel.¹,²,⁴³ The temporal relationship of steps 4–6 seems to vary under dif-
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FIGURE 4. The formation of blood vessels. (A) Vasculogenesis: angioblasts (endothelial
cell precursors) differentiate and coalesce into a primitive network of vessels known as the
primary capillary plexus during the early stage of embryonic development. This endothelial
cell lattice then serves as a scaffold for angiogenesis. (B) Angiogenesis: endothelial cells of
preexisting vessels (both in embryo and adult) give rise to new vessels through intussusception and sprouting mechanisms. (Adapted with permission from Carmeliet P. Mechanisms
of angiogenesis and arteriogenesis. Nat Med 2000; 6:389–95.1 © Nature Publishing Group
[http://www.nature.com/])
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ferent circumstances (e.g., physiological vs. pathological angiogenesis). It is also
still debatable whether EC proliferation at the site of branching occurs before any
migration takes place.

3. Central Role of Endothelial Cells in Angiogenesis

In normal adult tissues, most ECs are not motile and stay in a non-dividing state,
having a turnover time of more than 1000 days.⁴⁴,⁴⁵ In all types of angiogenesis,
under either physiological or pathological conditions, the activation of quiescent
ECs is the ﬁrst event to take place. Activated ECs then migrate, proliferate, and
remodel the basement membrane (by synthesizing, degrading, and rearranging matrix
components) to form new capillaries.¹,²,⁴³,⁴⁶ The appreciation of the signiﬁcance of
ECs in angiogenesis has encouraged eﬀorts to isolate and purify EC growth factors
and EC-targeting cytokines.⁴⁷ Most of the identiﬁed angiogenic factors to date
act on ECs directly. Their roles in angiogenesis have been studied using various
experimental approaches, as discussed below.

IV. ANGIOGENESIS ASSAYS
IV.A. In Vivo Angiogenesis Assays

Most in vivo assays involve observation of capillaries in animals using the following methods: (1) chronic transparent chambers on ﬂanks or ears, such as rabbit ear
chambers, dorsal skinfold chambers in rabbits and rodents, and cranial windows in
rodents⁴⁸-⁵⁸; (2) exteriorized tissue preparations, such as the chick chorioallantoic
membrane (i.e., CAM assay) and intradermal assays in rodents⁵⁹-⁶²; and (3) in
situ preparations, such as corneal micropocket assays in rabbits and rodents.⁶³-⁶⁶
In these assays, tissue environments can be manipulated by the delivery of soluble
inhibitors/stimuli or implantation of polymer matrices; matrices containing soluble
angiogenic factors or even tumor cells have also been used.⁴³ The resulting structural
changes in capillary beds or vascularization into matrix implants can be evaluated by
quantifying the number, length, and volume of capillaries over time using intravital
microscopy.⁴³ The functional characteristics of new vessels, such as blood ﬂow rate
and vascular permeability, can also be examined. At the end of experiments, vascularized tissues or matrix implants can be excised for electron microscopic, histological,
and other examinations.
These in vivo assays provide useful tools for studying the eﬀect of the tissue

Volume 33, Issue 5, 2005

439

y. t. shiu et al.

microenvironment on angiogenesis. Furthermore, with advances in molecular genetics, studies using transgenic/knockout mice have shed new light on the genetic
mechanisms of angiogenesis.⁶⁷ However, the inherent disadvantages of in vivo studies
are that they mostly use nonhuman tissues⁴³ and that it is often diﬃcult to dissect
out the eﬀects of speciﬁc intracellular signaling pathways because of the complexity
of the in vivo environment.⁶⁸

IV.B. In Vitro Cell Tubulogenesis Assays

Numerous forms of in vitro angiogenesis assays have been developed since Folkman
and Haudenschild⁶⁹,⁷⁰ ﬁrst demonstrated that ECs can form capillary-like structures
in cell culture even when blood ﬂow and other cell types are absent. These assays
are similar to standard tissue culture models of ECs,⁷¹-⁷⁷ except that they allow
ECs to undergo a morphological diﬀerentiation process leading to the formation
of endothelial “tubes”; thus they are also referred to as “tubulogenesis” assays. These
methods can be roughly divided into 2D and 3D models, although their experimental
conditions and materials (e.g., the origin, passage number, and conﬂuence of ECs;
the composition of matrix proteins and cell culture medium; and the presence of
other cell types) vary signiﬁcantly.⁴³,⁷⁸,⁷⁹
In 2D models (Fıg. 5A), ECs cultured on the top of ECM gels or on rigid
surfaces coated with the ECM can develop internal vacuoles and join together to
form a tube made of one layer of ECs; this endothelial tube then inosculates with
others, giving rise to a web-like, planar tubular network on the culture surface.⁸⁰-⁸²
This process is dependent on several factors, including cell density, matrix proteins,
and soluble factors. The development of cells into a tubular pattern may need days
but is rapid (occurs within hours) when subconﬂuent ECs are plated on Matrigel,
a gelatinous mixture of basement membrane proteins (rich in laminin and type IV
collagen) derived from the mouse Engelbreth-Holm-Swarm sarcoma.⁸³,⁸⁴ The 2D
Matrigel model has been perhaps the most widely used in vitro angiogenesis assay
since it was introduced to this ﬁeld in the late 1980s. An obvious problem of 2D
assays is that endothelial tubes contact ﬂuid culture medium on the outside, while
the inside is typically ﬁlled with the ECM.⁷⁰,⁸⁰,⁸⁵-⁸⁷ This is the opposite of the situation in vivo, which raises concerns about the applicability of results obtained with
2D assays to angiogenesis in vivo. Nonetheless, 2D models provide a simple and
convenient approach for examining the tube formation of ECs and have generated
a wealth of information on angiogenesis.
In 3D models (Fıg. 5B), ECs cultured on the top of or inside 3D gels that
represent a surrogate ECM can invade their surrounding matrices, proliferate, and
migrate to form tubular networks.⁸⁸-⁹² When cultured inside a matrix, ECs can be
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FIGURE 5. In vitro angiogenesis assays. (A) In 2D angiogenesis assays, endothelial cells
(gray circles) develop a web-like, planar tubular network on the top of a 3D gel that represents a surrogate extracellular matrix (left panel) or on a rigid surface coated with matrix
proteins (right panel). (B) In 3D angiogenesis assays, endothelial cells cultured on the top
of or inside a 3D gel can invade into their extracellular space, proliferate and migrate to
form tubular networks. When cultured inside a gel, endothelial cells can be suspended as
individual cells or aggregates, or can be coated on the surface of microbeads (cell-coated
beads) before cell culture. Embedded blood vessel explants, such as rat microvessel fragments and rat aortic rings, have also been used. (Adapted from Vailhe et al. In vitro models
of vasculogenesis and angiogenesis. Lab Invest 2001; 81:439–52,79 (http://www.nature.com)
with permission of Macmillan Publishers, Ltd.)
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suspended as individual cells⁹³,⁹⁴ or aggregates⁹⁵-⁹⁷ or can be coated on the surface
of microbeads (EC-coated beads), which are then embedded inside the matrix.⁹⁸,⁹⁹
Another form of 3D assays involves the coculture of ECs with stromal cells (ﬁbroblasts or SMCs).¹⁰⁰,¹⁰¹ The sprouting of ECs from embedded blood vessel explants,
such as rat microvessel fragments and rat aortic rings, have also been used.¹⁰²-¹⁰⁶
Sprouting of ECs in 3D models is dependent on the same factors as in 2D
models, but they replicate several signature features of in vivo sprouting angiogenesis
more closely than in 2D assays, notably the invasiveness of ECs into the stromal
space. The culture system developed by Montesano et al.,⁹⁰-⁹² in which an endothelial
monolayer is established on the surface of a collagen gel and ECs can invade the
gel to form capillary-like structures in the presence of angiogenic stimuli, is the ﬁrst
and simplest form of in vitro assay retaining the sprouting capacity of ECs. The
occurrence of angiogenesis in this and other similar 3D models where only ECs are
present implies that ECs have an endogenous ability to form new vessels. As mentioned above, however, the establishment of functional capillaries requires pericytes.
Hence, in vitro models that use isolated rat microvessel fragments or aortic rings
as “bases,” which contain ECs and other types of vessel wall cells,¹⁰²-¹⁰⁶ provide an
opportunity for investigating the role of periendothelial cells in angiogenesis. It is
worthwhile to note that, recently, the vessel sprouts and neovessels that form in the
microvessel model have been shown to retain the ability to mature into a functional
microvascular bed in vivo.¹⁰⁷ When embedded in a collagen gel, isolated microvessel fragments undergo spontaneous angiogenic sprouting, forming neovessels that
maintain patent lumen and perivascular cell associations.¹⁰³ Upon implantation, the
expanded neovascular mesh can rapidly inosculate with the host microcirculation
and mature into a perfused and polarized (artery to vein) circulatory system.¹⁰⁷ This
ability to develop into a stable perfusion bed in vivo indicates that the neovessels
formed in this in vitro model did so through a suﬃciently native process that preserved vascularizing potential.

IV.C. In Vitro Cell Migration Assays

The formation of new blood vessels consists of multiple steps and requires a broad
spectrum of cell activities. A number of assays using isolated cell culture of vascular
cells have proven useful in understanding the diﬀerent cell activities important
for angiogenesis, including cell proliferation, cell–cell and cell–matrix interactions,
angiogenic factor production, and cell migration. The migration of vascular wall cells,
particularly ECs, is critical for angiogenic sprouting and extension of new vessel
elements. The importance of migration in angiogenesis was highlighted in a study
of in vivo angiogenesis that inhibited vascular cell proliferation (via irradiation) but
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preserved migratory capability.⁶⁴ In this situation, vascular sprouting and extension
of short vascular segments were observed following an angiogenic stimulus. However,
expansion of these new segments into a larger network of vessels was impaired.
In general, there are four types of migration assay routinely performed. All use
cultured cells but assess migratory behavior diﬀerently. The ﬁrst type involves direct
measurement of single cell migratory behavior. In this approach, the migration path
of a cell is mapped over time to provide cell migration speed.¹⁰⁸-¹¹¹ The second type
involves establishing a cell front line and assessment of migration of cells from this
front. Typically called monolayer wounding assays, these assays involve the denuding of a thin zone of cells within a cell monolayer and allowing cells at the zone
boundary to move into the denuded area.⁶⁴,¹¹²-¹¹⁶ In the above two types of assay,
cells usually are plated and then migrate on the top of an ECM gel or ECM-coated
rigid surface, and thus cell migration in these assays is often considered to be 2D.
The third type involves the movement of cells from one side of a barrier membrane
to another (e.g., the Boyden chamber assay), and thus cell migration occurs in a 3D
setting.¹¹⁷,¹¹⁸ Typically, the membranes are porous and are impregnated with ECM
to support cell activity. Fınally, the fourth class involves migration of cells under a
material such as agarose (called the under-agarose assay). Originally developed to
assess leukocyte migration,¹¹⁹ this assay has since been modiﬁed to measure the
linear migration of cell populations.⁷⁷ In the linear migration assay, cells migrate
out from a cell source underneath a slab of agarose, which provides a mechanical
constraint similar to what might be experienced by the cell in vivo. Modeled as a
random dispersion of cells in a manner analogous to diﬀusion of a molecular species,
this assay provides a migration coeﬃcient for a cell population.⁷⁷,¹²⁰
One or combinations of these assays are commonly used to assess modulation
of cell traction, by using diﬀerent ECM coatings and adhesion inhibitors, on cell
migration. The role of cell traction in migration is discussed further in Section VI.

V. MOLECULAR MECHANISMS OF ANGIOGENESIS

Several decades of research have identiﬁed numerous endogenous biochemical
factors capable of stimulating or inhibiting angiogenesis. Most of these are growth
factors/cytokines and their receptors, ECM constituents, matrix-degrading enzymes,
or cell–cell and cell–matrix adhesion molecules (Table 1).²,⁴,⁵ This section brieﬂy
discusses the roles of several major endogenous biochemical factors in physiological
angiogenesis. It is important to note that, although most biochemical factors might
be involved in both sprouting and intussusceptive angiogenesis, the present state of
knowledge comes primarily from investigations on sprouting angiogenesis.⁴
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TABLE 1. Endogenous Biochemical Factors that Regulate Physiological
Angiogenesisa
Name

Function

Growth Factors, Cytokines, and Their Receptors
VEGF

Vascular endothelial growth factor (VEGF-A)
Binds to its receptor VEGFR-2, which mediates the angiogenic response
Predominant regulator of physiologic and pathologic angiogenesis124-126
Stimulates in vitro and in vivo angiogenesis127,135
Increases endothelial cell permeability129-132
Inhibits endothelial cell apoptosis128
Stimulates endothelial cell proliferation127,415,416
Enhances endothelial cell migration133
Stimulates the production of matrix proteases and protease inhibitors in
endothelial cells134
Stimulates the activity and production of endothelial nitric oxide synthase136

FGF

Fibroblast growth factor
Binds to its receptor FGFR
Stimulates in vitro and in vivo angiogenesis92,145,417
Stimulates endothelial cell proliferation148
Enhances endothelial cell migration145,149
Stimulates the production of matrix proteases in endothelial cells147

PDGF

Platelet-derived growth factor
Binds to its receptor PDGFR
Mitogen and chemoattractant for most mesenchymally derived cells154
Stimulates pericyte proliferation158
Increases capillary wall stability159-162

TGF-β

Transforming growth factorβ
Binds to the TGF-β receptor
Stimulates in vivo angiogenesis in presence of inflammatory response168-172
Stimulates/inhibits in vitro angiogenesis418
Produces net antiproteolytic activity via modulating the production of
matrix proteases and protease inhibitors150
Stabilizes nascent vessels by stimulating matrix production172
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Name

Function

Growth Factors, Cytokines, and Their Receptors
Ang-1

Angiopoietin-1
Binds to the Tie-2 receptor
Stabilizes nascent vessels by tightening the interaction between
endothelial and periendothelial cells173,175
Inhibits permeability176

Ang-2

Angiopoietin-2
Binds to the Tie-2 receptor
Antagonizes Ang-1 signaling and destabilizes the endothelium173,177
Angiogenic in the presence of VEGF via loosening of periendothelial cells220

Extracellular Matrix, Integrins, and Matrix Proteases
ECM

Extracellular matrix
Contains various proteins and proteoglycans
Provides both mechanical and biochemical regulatory functions to
cells18-22,180,181
Some components stimulate angiogenesis while some inhibit
angiogenesis

αvβ3

Mediates endothelial cell attachment, spreading, and migration419
Inhibits endothelial cell apoptosis199
Highly expressed on activated endothelial cells420,421
Present on angiogenic capillary sprouts197,198
Localizes MMP-2 to capillary sprouts198
Required for FGF-stimulated angiogenesis in vivo195,196

αvβ5

Required for VEGF-stimulated angiogenesis in vivo195,196

MMPs

Matrix metalloproteinases
Degrade ECM components203,204
Mediate cell migration and matrix remodeling203,204

TIMPs

Tissue-inhibitors of MMPs
Inhibitors of MMPs
Stabilize nascent vessels via preventing proteolytic breakdown of the
vascular ECM203,204
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TABLE 1. Continued.
Name

Function

Growth Factors, Cytokines, and Their Receptors
PAs

Plasminogen activators
Activators of plasminogen202,203
Mediate cell migration and matrix remodeling202,203

PAIs

Plasminogen activator inhibitors
Inhibitors of PAs
Stabilize nascent vessels via preventing proteolytic breakdown of the
vascular ECM202,203

Cell Junction Proteins
VE-cadherin Vascular endothelial-cadherin (cadherin 5)
Endothelial-specific cadherin25,27
May mediate endothelial cell permeability130
Mediates the VEGF-induced endothelial survival effect216
Mediates confluence-induced growth stop signal (contact inhibition)216
PECAM-1

Platelet endothelial cell adhesion molecule-1 (CD31)
Cell surface glycoprotein on hemopoietic and endothelial cells217
Involves in the organization of adherens junctions216

a

Selected list
(Adapted with permission from Papetti M, Herman IM. Am J Physiol Cell Physiol 2002; 282(5):C94770.5 ©The American Physiological Society; and Conway EM, Collen D, Carmeliet P. Cardiovasc Res
2001; 49:507–21,2 with permission of Elsevier.)

V.A. Roles of Soluble Factors and Their Receptors
1. Vascular Endothelial Growth Factor (VEGF) and Its Receptors

The most potent and perhaps the most well-characterized angiogenic stimulus
is VEGF (also known as VEGF-A). VEGF is a highly conserved homodimeric
glycoprotein and has six isofoms as a result of alternative splicing.¹²¹-¹²³ The proangiogenic eﬀect of VEGF is mediated by its functional receptor VEGFR-2 (also
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called KDR or Flk-1), which is expressed predominantly in ECs. VEGFR-2 is a
transmembrane protein with intrinsic tyrosine kinase activity belonging to the classic
receptor tyrosine kinase (RTK) superfamily.¹²⁴-¹²⁶ VEGF binding causes VEGFR-2
activation, a process involving receptor dimerization and autophosphorylation of
speciﬁc tyrosines in the cytoplasmic domain of VEGFR-2. Activated VEGFR-2
sets oﬀ an intracellular signal cascade leading to multiple cellular responses and a
complete angiogenic process (Table 1).¹²⁴-¹³⁶
VEGF is produced by a wide variety of cell types, including ECs themselves.¹²¹-¹²³ A major regulator of VEGF expression is local oxygen concentration.
Cells that are short of oxygen (or have an increase in metabolic demands) upregulate
the production of VEGF, which in turn acts on ECs, causing them to proliferate
and invade the hypoxic tissue to supply it with new blood vessels. The expression
of VEGFR-2 is also upregulated by chronic hypoxia.¹³⁷ Therefore, not only is the
VEGF/VEGFR-2 system capable of stimulating the entire angiogenic process, but
it also acts as a key mediator of hypoxia-induced angiogenesis.¹³⁸-¹⁴¹ This mechanism
ensures that every region of the body is suﬃciently vascularized and oxygenated,
although it also underlies pathologies associated with aggressive outgrowth of blood
vessels (e.g., cancer and diabetic retinopathy).¹⁴²,¹⁴³

2. Fibroblast Growth Factor (FGF) and Its Receptors

FGF-1 (acidic FGF) and FGF-2 (basic FGF) were among the ﬁrst growth factors
shown to stimulate angiogenesis.¹⁴⁴,¹⁴⁵ They are ubiquitously expressed small polypeptides belonging to a large family of structurally related proteins, which all contain
heparin and heparan sulfate (HS) binding domains.¹⁴⁶ Like VEGF, both FGFs
promote several EC activities that are critical to angiogenesis (Table 1).⁹²,¹⁴⁵,¹⁴⁷-¹⁵⁰
Unlike VEGF, however, the action of FGFs is not speciﬁc to ECs. They act on most
cells derived from embryonic mesoderm and neuroectoderm, including ﬁbroblasts,
ECs, and pericytes.¹⁴⁶
The cellular eﬀects of FGFs are mediated via speciﬁc binding to high-aﬃnity
receptors for FGF (FGFR).¹⁵¹ There are four distinct FGFRs; all of them are
members of the RTK superfamily, and receptor dimerization by FGF is facilitated by heparin.¹⁵¹,¹⁵² Low-aﬃnity binding sites for FGF have been identiﬁed
in proteoglycans containing HS side chains (HSPG).¹⁵³ These HSPG are found
on the cell surface and in the ECM. It has been suggested that binding to HSPG
in the ECM results in storage of FGF and protection of FGF from inactivation
in the extracellular space; matrix-associated FGF can be released upon ECM
degradation.¹⁵³
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3. Platelet-Derived Growth Factor (PDGF) and Its Receptors

PDGF was originally puriﬁed from platelets, but it has since been demonstrated
that many other cell types including ﬁbroblasts, macrophages, and ECs produce
PDGF.¹⁵⁴ The eﬀect of PDGF is mediated by PDGF receptors, which are also
members of the RTK superfamily. In blood vessel walls, PDGF receptors can be
found in ECs, pericytes, and SMCs.¹⁵⁵-¹⁵⁸
Paracrine signaling via PDGF and its receptor plays a central role in blood vessel
maturation.¹⁵⁹-¹⁶² In vivo studies have shown that the proliferation and migration of
pericytes along angiogenic sprouts is mediated by PDGF, possibly secreted from ECs
to recruit pericytes; animals with a PDGF deﬁciency had abnormal, poorly formed
immature blood vessels.¹⁵⁹-¹⁶² The ﬁrst US FDA-approved angiogenesis-stimulating
medicine is a wound healing gel called Regranex. It contains recombinant human
PDGF and was approved in 1997 to treat diabetic foot ulcers.¹⁶³,¹⁶⁴

4. Transforming Growth Factor-␤ (TGF-␤) and Its Receptors

Members of the TGF-β family are multifunctional cytokines with eﬀects on cell
proliferation, migration, inﬂammation, and angiogenesis.¹⁶⁵,¹⁶⁶ These eﬀects are mediated by TGF-β receptors, which are receptor-type serine/threonine kinases.¹⁶⁵,¹⁶⁶
Both TGF-β and their receptors are expressed in a full spectrum of cell types,
including ECs and pericytes in the microcirculation.¹⁶⁷ Like FGF-2, TGF-β can
also be found in the extracellular space.
The eﬀect of TGF-β on angiogenesis varies depending on experimental conditions. TGF-β has been shown to induce angiogenesis in vivo. This induction is
mediated by the eﬀect of TGF-β on recruiting inﬂammatory cells (e.g., monocytes
and macrophages) that release VEGF, FGF-2, and PDGF.¹⁶⁸-¹⁷² On the other
hand, in vitro studies have found that the production of ECM proteases and their
inhibitors in ECs is tilted toward antiproteolysis by TGF-β (see Section V.B.3,
Matrix Proteases).¹⁵⁰ It was also found that TGF-β mediates the inhibition of EC
proliferation upon EC-pericyte contact in a coculture system.¹⁶⁷ Together these
eﬀects inhibit the initiation of angiogenesis but are critical in stabilizing nascent,
immature blood vessels. Given the pleiotropic eﬀects of TGF-β on diﬀerent cell
types, it likely modulates angiogenesis through several mechanisms.

5. Angiopoietins and Their Receptors

The angiopoietins (angiopoietin-1 [Ang-1] and angiopoietin-2 [Ang-2]) are ligands
for an endothelial-speciﬁc receptor called Tie-2, which is a member of the RTK
448

Critical Reviews™ in Biomedical Engineering

mechanical stresses in angiogenesis

superfamily. Angiopoietins are not mitogenic to ECs, but they assist in the communication of ECs with their surrounding mesenchyme by binding to Tie-2.¹⁷³
Ang-1 activates the Tie-2 receptor and promotes the recruitment of pericytes and
SMCs, therefore playing a role in stabilizing and maintaining vascular integrity.¹⁷³-¹⁷⁶
As an antagonist of Ang-1, Ang-2 competes with Ang-1 for binding of Tie-2 and
blocks vessel stabilization from Tie-2 signaling, thereby loosening the interactions of
ECs with pericytes and the ECM (i.e., vessel destabilization).¹⁷³,¹⁷⁷ While all ECs
in adult animals have Tie-2, in vivo studies have shown that Ang-1 is expressed in
quiescent ECs, and Ang-2 is only found at sites of vascular remodeling.¹⁷⁷-¹⁷⁹

V.B. Roles of ECM, Integrins, and Matrix Proteases
1. The ECM

The ECM is a complex interconnected network of proteins and proteoglycans that
provide both mechanical and biochemical regulatory functions to cells.¹⁸-²²,¹⁸⁰,¹⁸¹
As already mentioned in Section II, ECs are supported by a thin, sheet-like basement membrane mainly made of laminin, type IV collagen, and proteoglycans. The
basement membrane is only a few nanometers thick, forming a continuous bond
with the underlying loose, interstitial connective tissue whose great bulk is type I
collagen.¹⁸-²²,¹⁸⁰,¹⁸¹ The components of the EC basement membrane and underlying
interstitial matrix vary depending on type of organ and whether the vessels are quiescent or undergoing remodeling. The latter observation has prompted investigators
to study how ECM components aﬀect angiogenesis using various in vivo and in
vitro assays mentioned above. In vivo studies show that implanted matrices made
of ﬁbrin or Matrigel result in blood vessel ingrowth.¹⁸²,¹⁸³ In 3D assays, sprouting
angiogenesis occurs when ECs, rat aortic rings, or rat microvessel fragments are
embedded in type I or III collagen, ﬁbrin, or a plasma clot.⁹⁰,¹⁰³,¹⁰⁴,¹⁸⁴,¹⁸⁵ ECs can
form planar tubular networks on the surface of ECM gels made of type I or III collagen, ﬁbrin, gelatin, or Matrigel; in some studies, ﬁbronectin or laminin is mixed in
the gel.⁸⁴,⁸⁸,¹⁸²,¹⁸⁶-¹⁸⁸ The above investigations focus on the regulation of angiogenesis
by the bulk components of the ECM. However, the ECM consists of a variety of
proteoglycans and proteins that are not as abundant but yet play a regulatory role in
angiogenesis. Readers interested in this regard are referred to other resources.²,⁴,⁵

2. Integrins

The eﬀects of ECM constituents are mediated primarily by their receptors on the
cell surface, called integrins. Integrins are transmembrane heterodimers composed
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of α and β subunits with noncovalent association.¹⁸⁹ The cytoplasmic domain of
integrin interacts with cytoskeletal proteins and signaling molecules in the focal
adhesion sites, and the extracellular domain binds to extracellular ligands.¹⁸⁹-¹⁹⁴
This structural feature of integrins enables them to mediate “outside-in” signaling,
in which extracellular ligands induce the intracellular signaling cascade via integrin
activation. Of the more than 20 integrin heterodimers, αvβ₃ has been studied most
extensively for its association with angiogenesis.¹⁹⁵,¹⁹⁶ αvβ₃ is minimally expressed
on normal, resting ECs, but it is signiﬁcantly upregulated on activated ECs during
cytokine- or tumor-induced angiogenesis.¹⁹⁷,¹⁹⁸ αvβ₃ aﬀects angiogenesis in several
ways, notably the enhancement of endothelial survival and the localization of MMP2 (see the following section) to the tips of sprouting blood vessels, thereby increasing
cell migration speed and matrix degradation in this region.¹⁹⁸,¹⁹⁹ Another αv integrin
associated with angiogenesis is αvβ₅.¹⁹⁵,¹⁹⁶ Angiogenesis induced by FGF-2 depends
on αvβ₃-mediated signaling events, whereas that induced by VEGF depends on
αvβ₅.¹⁹⁵,¹⁹⁶ This implies that diﬀerent growth factors may stimulate angiogenesis
via distinct integrins.

3. Matrix Proteases

For ECs to emigrate from their resident site and take on the proliferative and
invasive phenotypes that are associated with sprout formation, they need to loosen
or degrade the surrounding ECM. In fact, collagen must be degraded in order for
angiogenesis to occur in vitro.²⁰⁰ Proteolysis of the ECM is achieved primarily by
two protease families. One is a large family of secreted or membrane-associated
zinc-dependent enzymes called matrix metalloproteinases (MMPs), and the other
is the serine proteases—in particular, the plasminogen activator (PA)–plasmin system.²⁰¹-²⁰⁴ In addition to ECM degradation, these proteases are also important for
the release of angiogenic stimuli (e.g., FGF-2 and TGF-β) from the ECM pool
and the exposure of cryptic binding sites in the ECM to promote cell adhesion and
migration.¹,²
In the MMP family, MMP-1, -2, and -9 are frequently implicated in angiogenesis, because MMP-1 degrades type I collagen and MMP-2 and -9 degrade
type IV collagen, which are the protein backbones of the interstitial ECM and
basement membrane, respectively.²⁰⁰,²⁰⁴-²⁰⁷ As to the PA-plasmin system, the activation of plasminogen in tissues is primarily regulated by the urokinase-type PA
(uPA).²⁰¹-²⁰³ These matrix proteases are produced by a variety of cell types, including
ECs, pericytes, and SMCs in blood vessel walls.²⁰¹-²⁰⁴,²⁰⁸,²⁰⁹
MMPs and PAs are expressed as latent enzymes and are activated locally when
needed. Their activity is tightly controlled by several mechanisms to prevent excessive
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ECM breakdown and guide directional cell migration and invasion. Directionality
of protease activity arises by a complex, localized vesicular shedding of MMPs from
speciﬁc areas of the cell plasma membrane. EC-derived vesicles contain the latent
forms of MMP-2 and -9 (proMMP-2, -9) as well as other proteins that regulate their
activity; VEGF and FGF-2 stimulate the shedding of vesicles containing MMPs.²¹⁰
The activity of MMPs and PAs is regulated by their endogenous inhibitors, tissue inhibitors of metalloproteinases (TIMPs) and PA inhibitors (PAIs), respectively.²⁰¹-²⁰⁴
Protease inhibitors are secreted by cells near areas of active protein degradation in
order to protect uninvolved matrices.²¹¹ In addition, many cells have receptors on
their surface that can bind these proteases before they are activated, thereby conﬁning the enzyme to the site where it is needed—for example, the binding of MMP-2
to αvβ₃ on the surface of invasive cells.¹⁹⁸
Generally speaking, TIMPs and PAIs are considered to be angiogenic inhibitors,
although they play an important role in stabilizing nascent vessels by preventing
proteolytic breakdown of the basement membrane surrounding fragile new vessels.¹,² On the other hand, while MMPs and PAs stimulate angiogenesis, fragments of MMP-2 and plasminogen, called PEX and angiostatin, respectively, have
strong anti-angiogenic properties via inhibiting EC proliferation and inducing EC
apoptosis.²¹²-²¹⁵

V.C. Roles of Cell Junction Proteins

As described in Section II, ECs form a tight monolayer through junction proteins to
control vascular permeability. Junction proteins also play an important role in transmitting signals for cell survival, proliferation, and assembly. The two most extensively
studied EC junction proteins that are involved in angiogenesis are VE-cadherin and
platelet endothelial cell adhesion molecule-1 (PECAM-1 or CD31).²¹⁶
VE-cadherin is a member of the calcium-dependent cadherin family of transmembrane proteins that mediate homotypic cell–cell adhesion at adherens junctions.²⁵,²⁷ VE-cadherin is endothelial speciﬁc, and its intracellular domains interact
with β-, γ- (plakoglobin), and p120 catenins. β- and γ-catenins bind α-catenin,
which in turn binds to the actin ﬁlaments (Fıg. 3B).²⁵,²⁷ In this way, the cytoplasmic
structural components of ECs are linked to adherens junctions. The cadherin/catenin
complexes mediate several signaling events, notably VEGF-induced surviving signals
and conﬂuence-induced growth stop signals (contact inhibition). PECAM-1 is a
member of the immunoglobulin superfamily of cell adhesion molecules and is expressed primarily at the cell–cell junctions of ECs.²¹⁷ Like VE-cadherin, PECAM-1
also physically interacts with β-catenin and thus participates in shaping the adherens
junctions.²¹⁸,²¹⁹ VE-cadherin and PECAM-1 in conjunction control the organiza-
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tion and maintenance of a quiescent EC monolayer.²¹⁶ When ECs migrate during
angiogenesis, cell–cell junctional complexes are transiently dissembled but later
reassembled when a new vessel has been established.

V.D. Orchestrated Interactions Between Biochemical Factors

Although the roles of biochemical factors in angiogenesis have been discussed
above separately, it is important to note that the activity of an angiogenic stimulus
or inhibitor depends on the presence and/or concentration of other factors in the
environment of the responding ECs.¹,² For example, as mentioned above, TGFβ–induced angiogenesis depends largely on the recruitment of inﬂammatory cells to
release angiogenic stimuli, and αvβ₃ and αvβ₅ integrins are required in FGF-2- and
VEGF-induced angiogenesis, respectively. Furthermore, some of these biochemical
factors can upregulate or downregulate the expression of other biochemical factors—for instance, VEGF can induce the expression of several integrins, matrix
proteases, and protease inhibitors, while VEGF itself is induced by FGF-2, PDGF,
and TGF-β.⁴,⁵ In addition, while the production of PAs and PAIs is tilted toward
antiproteolysis by TGF-β, it is tilted toward enhanced proteolysis by FGF-2.¹⁵⁰
Such a complex interdependence (or competition) among them may explain why
angiogenic factors often exhibit context- and/or concentration-dependent activities
in various experimental conditions.¹,²
Another aspect of the complexity of angiogenesis regulation is the timely expression of speciﬁc angiogenic stimuli or inhibitors. Depending on their functions,
biochemical factors arise at diﬀerent stages of angiogenesis. At the beginning of
angiogenesis, Ang-2 synergizes with VEGF to loosen/destabilize vessels,²²⁰ while
MMPs and PAs break down the ECM and liberate angiogenic factors stored in the
ECM pool (e.g., FGF-2 and TGF-β). These and other factors together promote the
migration, proliferation, and tube formation of ECs in the extracellular space, where
widespread breakdown of the ECM is prevented in part by localizing matrix proteases
via binding to αvβ₃ on activated ECs. In the later stage of angiogenesis, the activity
of TIMPs and PAIs overrides that of matrix proteases and thus provides a steady,
supportive scaﬀold for fragile new vessels. Further stabilization and maturation of
nascent vessels involve PDGF and Ang-1, which promote the interaction of ECs
with pericytes and the ECM. As a nascent, leaky vessel matures into a durable one,
the level of αvβ₃ decreases, and adjacent ECs form close junctions with each other
via VE-cadherin, PECAM-1, and other adhesion molecules.
Recent advances in DNA microarray technology have provided a powerful
and eﬃcient approach for studying the diﬀerential expression of a large number of
genes simultaneously.²²¹ Several groups have applied DNA microarray technology
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for relatively comprehensive studies of the gene expression proﬁles of ECs during
angiogenesis, providing signiﬁcant insight into the temporal and spatial involvement
of angiogenic factors.²²²,²²³ Hundreds of diﬀerentially expressed genes have been
identiﬁed. In general, genes that are involved in the proliferation, survival, and matrix
remodeling of ECs are upregulated during the tube-forming process.²²² However,
it has not yet been established how the diﬀerential gene expression is regulated
and how these gene regulations contribute to angiogenesis. The microarray results
provide a clue for selecting the candidate genes for future studies of the molecular
regulation of angiogenesis.²²¹,²²²

VI. MECHANICAL MODULATION OF ANGIOGENESIS

All cells in the body, including ECs, are subjected to mechanical forces that either
are self-generated or originate from the environment during common physiological processes. The forces acting on and within a cell can be described in terms of
stress.²²⁴ Mechanical stress is a second-order symmetric tensor that determines
the traction vector acting on a speciﬁc surface.²²⁵,²²⁶ The components of the stress
tensor have units of force per unit area. The traction vector acting on a surface can
be decomposed into normal components (tension and compression) and shear
components. Cell deformation in response to intrinsic or extrinsic stress is inﬂuenced by the mechanical and structural properties of the cell and can be expressed
as a second-order symmetric strain tensor. The components of the strain tensor are
usually measured as a change in length relative to an initial reference length and,
for an elastic material, are uniquely determined by the components of the stress
tensor through the constitutive model and associated material coeﬃcients. These
mechanical terms, derived for inert materials, must be considered in light of the
active metabolism of living cells.²²⁴
Forces generated by the cell itself are necessary to carry out fundamental cellular
events. The most prominent force-generating process is actomyosin contractility.²²⁷
When cells sense a change in their external loading, they actively alter their internal
forces to counteract external forces. There is a growing recognition that the balance
between internally generated and externally applied forces is a key determinant of
a cell’s fate and function.²²⁸,²²⁹ In contrast to the wealth of information concerning
the biochemical aspect of angiogenesis regulation, knowledge of the contribution of
mechanical forces in angiogenesis is very limited. This section examines the characteristics of intrinsic and extrinsic forces within the mechanical microenvironment of
a cell and highlights their implications for angiogenesis. The discussion is focused
on postnatal, physiological angiogenesis.
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VI.A. Role of Cell-Generated Forces in Angiogenesis
1. Cytoskeleton

The cytoplasm of eukaryotic cells is ﬁlled with a highly organized, dynamic network
of protein ﬁbers called the cytoskeleton, which consists primarily of three types: actin
ﬁlaments (also called microﬁlaments), intermediate ﬁlaments, and microtubules.²³⁰-²³²
The cytoskeleton provides a structural framework and forces for maintaining cell
shape, shape change, and cytoplasmic organization. For anchorage-dependent cells
such as ECs, the ability to apply cytoskeletal forces against the ECM through integrin
receptors is essential for shape stability and cell survival.²²⁸,²³³,²³⁴

2. Cytoskeletal Tension and Cell Traction

Most mammalian cells assume a spherical shape in suspension. Upon contact with
ECM components, a cell may rearrange its cytoskeletal proteins to spread and form
numerous adhesion sites with the ECM, transforming into a somewhat ﬂattened
shape that is common to anchorage-dependent cells.²²⁸,²³³ Establishing and maintaining such a ﬂattened shape requires cellular forces that are primarily generated
by actin-myosin contraction. Contractile bundles of actin and myosin ﬁlaments (i.e.,
stress ﬁbers) form an interconnected actin network, spanning the entire cytoplasm
and terminating on the basal, apical, and lateral surfaces of the cell, as well as on the
nuclear membrane.²³⁵-²⁴⁰ On the basal surface, stress ﬁbers terminate at an array of
well-established connections between the cell and ECM known as focal adhesions
(FAs) (Fıg. 6). FAs consist of clustered integrins that span the plasma membrane,
interacting with speciﬁc ECM ligands on the outside and with bundles of actin
ﬁlaments via cytoskeletal associated proteins (e.g., paxillin, α-actinin, and vinculin)
on the inside.²⁴¹-²⁴³ In this way, cytoskeletal forces are transmitted via integrins to
the surrounding ECM, which acts as an external support for anchoring the cell and
balancing the forces that maintain cell shape.²⁴¹-²⁴³ Thus, the adherent cell is under
tension due to the ECM’s resistance to deformation.
The tension residing in the cytoskeleton of a resting adherent cell (often
referred to as prestress, initial tension, or resting tension) is a major determinant
of cell shape and aﬀects intracellular signal transduction and gene expression.¹²,²²⁹,²³³,²⁴⁴,²⁴⁵ Cytoskeletal tension is not static and can change, by rearranging the cytoskeletal proteins and FAs, without external stimuli during speciﬁc
cellular events such as cell division and migration. Cytoskeletal tension can also
change when the cell receives and responds to external biochemical or mechanical stimuli. It is important that cellular responses to an external stimulus may
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FIGURE 6. Forces on focal adhesions. Cultured cells form specialized contact sites with
the underlying substratum called focal adhesions. They contain clustered integrin receptors whose extracellular domain binds to the extracellular matrix, and intracellular domain
interacts with bundles of actin filaments via cytoskeletal associated proteins (the boxes
between integrins and actin filaments). Myosin II-driven contractile forces applied to a
cluster of integrins can lead to the development of tension if the surrounding extracellular
matrix is sufficiently rigid. (Reprinted with permission from Burridge and ChrzanowskaWodnicka. Annu Rev Cell Dev Biol 1996; 12:463–518,243 ©1996 by Annual Reviews, http:
//www.annualreviews.org; and Geiger B, Bershadsky A. Cell 2002; 110:139–42,242 with
permission of Elsevier.)

diﬀer depending on the level of the initial tension (or, the “mechanical tone”) in
the cell.¹²,²²⁸,²⁴⁴,²⁴⁵
The amount of the initial tension in an adherent cell is collectively controlled by
its interaction with the ECM (see Section VI.B) and the cell’s actomyosin contractile
machinery. Actomyosin contraction is driven by the motor protein myosin II and is
triggered by the phosphorylation of the myosin light chain (MLC) in nonmuscle
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and smooth muscle cells.²²⁷ Increasing evidence indicates that the Rho GTPase (a
member of the Rho family of GTP-binding proteins) and its eﬀector Rho-associated
kinase (ROCK) are important regulators of myosin activity. Inactivating Rho or
ROCK diminishes cell contractility and consequently inhibits the formation of
tension-dependent structures such as stress ﬁbers and FAs.²⁴⁶-²⁴⁹
The intracellular contractile force exerted on the ECM (also called the traction
force, cell traction, or substrate traction) is essential for the assembly of ECM ﬁbrils
and cell migration.²⁵⁰-²⁵⁴ The study of tractions exerted at the cell/substratum interface by individual cells (without cell-to-cell contact) has been based mostly on
measuring the deformation of elastic substrata.²²¹,²²⁷,²⁵¹,²⁵⁵,²⁵⁶ This approach was
ﬁrst developed by Harris and colleagues in 1980, using silicone rubber ﬁlm for the
cell culture substratum, which wrinkles in response to cellular traction forces.²²¹,²⁵⁷
Recently, several groups have succeeded in measuring traction forces and relating
them to FA assembly. These studies demonstrate conclusively that FAs transmit
cytoskeletal forces in the range of several nanonewtons per µm² to the substratum.²²⁷
In stationary, nonmotile cells, the size of FAs is proportional to the local transmitted
force, and FAs exhibit directional assembly in response to local forces.²⁵⁸
Fınally, in addition to the ECM, microtubules have also been implicated in providing mechanical support for the tensed actin network in a cell’s cytoplasm. Based on
the observation of an increase in traction forces upon the disruption of microtubules,
it is thought that microtubules are under compression and that compressive loads
could be transferred from microtubules to the ECM.²⁵⁹-²⁶² Cells in contact with
other cells can also transmit forces to their neighbors through cell–cell junctions.²³³
Cells in a conﬂuent monolayer generally form fewer and smaller FAs with the ECM
than subconﬂuent cells,²⁶³,²⁶⁴ suggesting a decreased tension at the interface between
the ECM and a cell monolayer. The interactions between groups of cells and the
ECM deﬁne “the resting stress ﬁeld” within a tissue and are essential for guiding
tissue development, remodeling, and maintaining tissue homeostasis.²³³,²⁶⁵

3. Measurement of Endothelial Cell-Generated Forces

Quantitative data on the traction forces generated by individual ECs and contractile forces generated by an EC monolayer are available. EC tractions have been
measured using the “traction force microscopy” technique developed by Wang
and Dembo.¹¹¹,²⁶⁶ For a migrating bovine aortic EC cultured on an ECM-coated
polyacrylamide gel, the overall level of traction stresses (i.e., the average of the
magnitude of traction stresses across the entire projected cell area) is about 1~2 × 10⁴
dyn/cm², which is the same order as a migrating ﬁbroblast-like cell.¹¹¹,²⁶⁷ Kolodney
and Wysolmerski²⁶⁸ used an isometric force transducer to measure the isometric
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force developed by a monolayer of human umbilical vein ECs grown on a collagen
matrix. These cells generated a force per cellular cross-sectional area of 10⁵ dyn/cm²,
which is the same order as ﬁbroblasts but smaller than skeletal and smooth muscles
by one order of magnitude.

4. Function of Cell Traction in Angiogenesis

Cellular traction forces are involved in several processes critical to angiogenesis,
including cell migration, matrix remodeling, and tube formation.

a. Cell Migration

Traction forces are the driving force for cell movement.²⁵¹-²⁵⁴ In order to generate a net migration, an adherent cell must push or pull against the substratum via
cell/substratum contact sites while crawling over it; the substratum in turn exerts a
counter force on the cell via the same contact sites, propelling the translocation of
the cell body.²²¹ The application of traction force microscopy to study the mechanical
stresses generated by migrating ﬁbroblasts and ECs has revealed that tractions are
organized in a centripetal pattern, with the backward and forward tractions located
in the advancing front and trailing back of the cell body, respectively (Fıg. 7).¹¹¹,²⁶⁹²⁷³ In general, regional traction forces are greatest near the leading edge of the cell
and smallest in the central/nuclear region of the cell.¹¹¹,²⁶⁶,²⁶⁹-²⁷³ Traction forces in
the tail are strong as well but are thought to reﬂect passive resistance to the active
pulling forces in the front generated by actin-myosin contraction.²⁷²,²⁷³ Previously
it was found that inhibitors of Rho or ROCK1 reduced the capacity of ECs to
form tubular networks in vitro and in vivo²⁷⁴ and that the inhibition of ROCK1
dramatically decreased the traction force and subsequent migration speed of ECs.¹¹¹
Together these ﬁndings help deﬁne a mechanism by which the Rho/ROCK pathway
and cell traction may regulate angiogenesis.

b. ECM Remodeling and Pattern Formation

Fıbroblasts, ECs, and a variety of other cell types distort and rearrange their surrounding ECM through traction forces as they move across them.²⁷⁵-²⁷⁸ For example,
movement of ﬁbroblasts through a collagen gel aligns the collagen ﬁbers along the
cell migration path,²⁷⁶ and the ECM beneath cultured ECs tends to align parallel
to the long axis of the cell.²⁷⁹ This physical interaction between cells and the ECM
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FIGURE 7. (opposite page) Traction maps of a migrating fibroblast obtained by the traction
force microscopy technique.271 (A) An NIH 3T3 fibroblast was cultured on a polyacrylamide
gel embedded with 0.2 µm-diameter fluorescent beads, which were used as markers for
detecting substrate deformation. Traction stresses were then estimated based on the dis-
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is reciprocal in that an organized ECM can in turn aﬀect the direction of migration
or shape of the cells. It has been proposed that, during angiogenesis, traction forces
applied by ECs at the sprouting tip may align the ECM, thereby forming a matrix
pathway for trailing ECs.²⁷⁸ This hypothesis is supported by the “follow-the-leader”
behavior exhibited by ECs during sprouting in vivo and in vitro²⁷⁸,²⁸⁰,²⁸¹ and the
formation of ECM “cables” that attach to and align in the axial direction of new
EC tubes in vitro.²⁸²
Cells can exert strong traction forces that propagate and distort their surrounding ECM over a long distance. This aspect of cell traction is thought to play a role
in facilitating the development of anastomoses between vascular sprouts, based on
the similarity of matrix morphogenesis by ﬁbroblasts and ECs.²⁷⁸ The pioneering
work of Harris and colleagues²⁷⁶ in the early 1980s showed that when two pieces
of chicken embryonic tissue containing ﬁbroblasts were placed apart on a collagen
gel, a dense tract of aligned collagen ﬁbers developed between the two explants,
presumably as a result of forces exerted by the ﬁbroblasts on the collagen; the ﬁbroblasts subsequently migrated out from the explants along the aligned collagen
ﬁbers. Subsequently, it was found that when suspended in collagen gels, aggregates
of ﬁbroblasts were connected by linear tracts of collagen ﬁbers that aligned under
the tensional stress exerted by ﬁbroblasts.²⁸³ The patterns depended on cell population density and other factors.²⁸³ Overall, these ﬁndings provide evidence for a role
of ﬁbroblast tractions in matrix morphogenesis.
Similar phenomena have been observed in 3D and 2D angiogenesis assays.
Korﬀ and Augustin⁹⁵ showed that when spheroidal aggregates of ECs (endothelial
spheroids) were embedded in collagen gels, the collagen ﬁbers between two adjacent
spheroids were lined up along the axis connecting the two spheroids by the traction
forces of ECs, and that endothelial sprouts from these spheroids grew directionally
toward each other along these aligned collagen ﬁbers (Fıg. 8A). These investigators demonstrated further that tensional forces on a collagen gel are suﬃcient to
guide directional outgrowth, although a possible role of paracrine signaling (e.g.,

placement of the beads. The image was recorded with simultaneous illumination for phase
contrast and epi-fluorescence. Arrow indicates the direction of cell migration. Bar=20 µm.
The Young’s modulus of the gel was 2.8 × 105 dyn/cm2. (B) Deformation vectors plotted
over the phase image of the cell. Deformation was determined by comparing the distribution of fluorescent beads before and after force relaxation (by detachment of the cell with
trypsin). Regions devoid of vectors either contained few fluorescent beads or went out of
focus as a result of traction. (C) Field of traction stresses shown as vectorial arrows within
the boundary of the cell. (From Munevar et al. Biophys J 2001; 80:1744–57. Copyright©
2001 by the Biophysical Society. Reproduced by permission.)
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cytokines released from neighboring endothelial spheroids) cannot be excluded.⁹⁵
In 2D angiogenesis assays, comprehensive studies by Vernon and colleagues¹⁸⁸,²⁷⁷
showed that ECs organized a sheet of ECM into a web-like network of thin cables
connecting scattered EC aggregates; these thin cables then acted as a template on
which a network of endothelial cords developed (Fıg. 8B). Several groups have
reported similar observations in 2D assays.²⁰⁵,²⁸⁴-²⁸⁶
Vernon and colleagues¹⁸⁸,²⁷⁸ proposed that ECM patterning is guided by EC
tractions, as in the case of ﬁbroblast-mediated collagen morphogenesis. It is proposed
that an aggregate of ECs acts as a “traction center,” pulling the ECM toward itself
and thus rendering the nearby ECM under tension. Tension within the ECM is
enhanced when two adjacent traction centers tug on the same matrix (the two-center
eﬀect), which causes ECM ﬁbers to align and form narrow tracks between the two
traction centers (Fıg. 9A).¹⁸⁸,²⁷⁸ A planar ﬁeld of traction centers will become connected by multiple two-center eﬀects, forming a tessellated pattern that deﬁnes the

day 0

day 1

day 2

day 3

day 4

day 5

FIGURE 8A. Directional outgrowth of endothelial cells during the tube forming process. 3D
angiogenesis assay. Two neighboring spheroidal aggregates of bovine aortic endothelial cells
(endothelial spheroids) were embedded in a collagen gel with a distance of approximately
1.6 mm apart (measured from the center of each spheroid). Sprouts grew radially out of
the spheroids for the first 2 days. After 3 days, capillary sprouts (arrow) started to change
their direction to grow toward each other, which became even more evident after 4 and
5 days. Note that the centers of the two spheroids had become closer after 4 and 5 days,
reflecting the traction forces exerted by the outgrowing endothelial cells. Bar=200 µm.
(From Korff and Augustin. J Cell Sci 1999; 112:3249–58. Copyright© 1999 by the Company
of Biologists. Reproduced by permission.)
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architecture of the capillary network. This two-center eﬀect concept is also applicable
in a 3D setting. ECs at the tips of adjacent sprouts would align the ECM between
them by a traction-mediated two-center eﬀect, approach one another via the matrix
pathway, and fuse to form a common lumen (Fıg. 9B).²⁷⁸

c. Tubular Morphology

Cell tractions also aﬀect the shape of endothelial tubes in in vitro angiogenesis assays.
It has been shown that tubular networks developed from ECs with weaker traction
forces have shorter tubes but larger lumens and the tubes are less interconnected.²⁸⁷
The exact cause of these diﬀerences remains to be determined but is likely related
to the capacity of cells to apply actin-myosin contractile forces for shaping the EC
monolayer through cell–cell junctions and to generate traction forces for remodeling
their surrounding ECM.
For morphogenetic processes that involve ECM remodeling, the ultimate matrix

>24 hr

24 hr

x
x
x
x

FIGURE 8B. Directional outgrowth of endothelial cells during the tube forming process.
2D angiogenesis assay. Left panel: after bovine aortic endothelial cells were cultured on
a Matrigel gel for 24 hours, several cell aggregates (marked with “x”) pulled and aligned
nearby matrices into thin cables (arrowheads) connecting these aggregates. Right panel:
three consequences of matrix reorganization by cells are shown here. One cable of matrix
was cell-free (narrow arrow), whereas another cable bore individual cells (arrowheads) that
connected to form an endothelial cell cord. Cells were forming a cord on a third cable
(broad arrow). Images were viewed by phase-contrast at 120× magnification. (From Vernon
et al. Lab Invest 1992; 66:536–47. (© Nature Publishing Group [http://www.nature.com/].
Reprinted with permission.)
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by the Two-Center Effect
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FIGURE 9. Traction-directed matrix remodeling. (A) Cell traction-guided matrix patterning
in a 2D angiogenesis assay. Each of the two aggregates of endothelial cells acts as a “traction center” (gray circle), pulling the matrix toward itself and thus rendering the nearby
matrix under tension. Tension within the matrix is enhanced when two adjacent traction
centers tug on the same matrix (the two-center effect), which causes matrix fibers to align
and form narrow tracks between the two traction centers. A planar field of traction centers
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reorganization depends on the balance between the traction forces exerted by the
cells and the resistance of the ECM to these cellular forces.²⁸⁷,²⁸⁸ The bidirectional
physical interaction between the cells and ECM is discussed in the next section.

VI.B. Biomechanical Aspects of ECM Effects on Angiogenesis

Although the eﬀect of ECM molecules on cells is primarily mediated through
integrins, ligand occupation alone is not suﬃcient to elicit a complete integrinmediated response unless the matrix proteins can physically resist tension.²⁸⁹,²⁹⁰
For example, in vitro studies have demonstrated that some early integrin signaling
events in the cell cycle can be induced in suspended cells by allowing the cells to
bind to ECM-coated microspheres; these cells, however, never enter S phase and
may even undergo apoptosis.²⁹¹-²⁹³ The tension-dependent control of cell growth is
likely to ensure that only anchored cells can grow. Loss of this control (i.e., anchorage independence) is a hallmark of cancerous cells.²⁹²
While the chemical composition of the ECM determines whether or not a cell
can bind to it, once ligation is established, the development of cytoskeletal tension
is inﬂuenced by the ability of the ECM to resist tension. Generally, a rigid or larger
surface can resist higher tension than a softer or smaller surface, respectively, thus
enabling cells to carry more tension in the cytoskeleton. This notion has been veriﬁed by experimentation.

1. Effects of Physical Properties of the ECM on Cell Traction
a. Effects of the Compliance of the ECM on Cell Traction

Quantitative data relating substrate ﬂexibility to traction forces were ﬁrst obtained
by Wang and colleagues.²⁶⁷,²⁶⁹ These investigators developed ECM-coated polyacrylamide substrata that allow the compliance to be varied while maintaining a
will become connected by multiple two-center effects, forming a tessellated pattern that
defines the architecture of the capillary network. (B) Hypothetical role of matrix pathways
in the development of anastomoses between vascular sprouts in a 3D setting. Endothelial
cells at the tips of adjacent sprouts would align the matrix between them by a tractionmediated two-center effect, approach one another via the matrix pathway, and fuse to form
a common lumen. (Adapted from Vernon and Sage. Am J Pathol 1995; 147:873–83,278 with
permiission. © The American Journal of Pathology, published by the American Society for
Investigative Pathology.)
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constant chemical environment for cell culture. Cellular traction forces were then
deduced from the deformation of polyacrylamide substrata.²⁶⁷,²⁶⁹ When compared
with rigid substrata, ﬁbroblasts grown on soft substrata exert smaller traction forces,
indicating a decrease in their intracellular tension (Fıg. 10A).²⁶⁷ This response to
soft substrata is accompanied by a decrease in the cell spreading area, a decrease in
the rate of DNA synthesis, and an increase in the rate of apoptosis. Furthermore,
treatment of cells on ﬁrm substrata with myosin inhibitors renders cell behavior
similar to cells on extremely soft substrata (without inhibitor treatment). Similar
phenomena have also been observed in 3D cell cultures using stabilized and freely
ﬂoating collagen gels (i.e., stressed vs. relaxed gels). Fıbroblasts grown in stabilized
gels develop stress ﬁbers and generate isometric tension within the gels, while those
cultured on freely ﬂoating gels do not.²⁹⁴
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FIGURE 10A. Effects of physical properties of the extracellular matrix on traction stresses.
Cells were cultured on polyacrylamide gels embedded with 0.2 mm-diameter fluorescent
beads. Cellular traction stresses were estimated based on the displacement of the beads,
as shown in Fig. 7. The overall level of traction stresses (i.e., the average of the magnitude
of traction stresses across the entire projected cell area) is reported here. (A) NIH 3T3
fibroblasts were cultured on collagen-coated polyacrylamide gels with different stiffness.
Cells exerted larger traction stresses on stiffer than softer gels. (Reprinted with permission from Wang HB et al. Substrate flexibility regulates growth and apoptosis of normal
but not transformed cells. Am J Physiol Cell Physiol 2000; 279:C1345–50. ©The American
Physiological Society.)
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FIGURE 10B. Human airway smooth muscle cells were cultured on various micro-sized adhesive islands on the surface of polyacrylamide gels. The Young’s modulus of the gels was
1.3 × 104 dyn/cm2. Promoting cell spreading resulted in increased traction stresses. (Based
on Wang et al. Cell Motil Cytoskeleton 2002; 52:97–106,296 with permission of Wiley-Liss,
Inc., a subsidiary of John Wiley & Sons, Inc.)

The above ﬁndings and a growing list of similar observations demonstrate the
ability of cells to sense substrate ﬂexibility and respond accordingly, most likely by
applying contractile forces to the substrate via adhesion sites and then responding
to the feedback (i.e., counterforces from the substrate) via the same sites. Hence,
cell/substrate adhesion sites may act as mechano-probing devices, translating “external” mechanical input into intracellular signals.²⁶⁷,²⁶⁹ Several lines of experimental
evidence strongly support a pivotal role for integrin-mediated adhesions in the
mechanosensing process.¹⁰,²²⁷,²³⁴,²⁴¹,²⁴²,²⁹⁵

b. Effects of Spatial Distribution of ECM Ligands on Cell Traction

The study of the relationship between cell area and cell traction has been based
mostly on measuring the deformation of polyacrylamide substrata coated with different ECM density or diﬀerent sizes of adhesion islands to control cell area. In
general, a higher ECM (or ECM-derived peptide) coating density allows cells to
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spread better and form more FAs than a lower coating density. In the micropatterning approach, the polyacrylamide substrata are stamped with diﬀerent micron-sized
islands containing the same ECM density and surrounded by nonadhesive regions
to constrain cell spreading.²⁹⁶ Studies using either approach have reached the same
conclusion: regardless of peptide density, large well-spread cells tend to generate
stronger traction forces (Fıg. 10B).²⁶⁶,²⁹⁶ These results indicate that larger cells carry
greater cytoskeletal tension and demonstrate that it is the extent of cell spreading,
rather than ECM density, that inﬂuences cell tension.
It has been shown that myosin II-driven tension promotes cell spreading and
that cell spreading stimulates MLC phosphorylation, thereby further increasing cytoskeletal tension.²⁹⁶,²⁹⁷ Hence, there is an intimate crosstalk between the generation
of cytoskeletal tension and the extent of cell distortion, the latter being restricted
by the ECM area that is available for cell attachment.

2. Effects of Physical Properties of ECM on Angiogenesis
a. Effects of Compliance of ECM on Angiogenesis

The potential of ECs to develop tubular networks is inversely related to the stiﬀness of the ECM scaﬀolds on which the cells reside (Table 2). In 2D angiogenesis
assays, the development of planar networks on the surface of gels made of collagen,
gelatin, or Matrigel was inhibited when the stiﬀness of these gels was increased by
glycosylation, by increasing their concentration, or by other strategies.¹⁸⁸,²⁷⁷,²⁹⁸,²⁹⁹
Similarly, sprouting of ECs, rat microvessel fragments, or rat aortic rings in 3D
angiogenesis assays was inhibited when the stiﬀness of the scaﬀold was increased
by manipulating the concentration or polymerization conditions of the constituent
protein or the size, shape, or boundary conditions of the scaﬀold.¹⁰³,¹⁸⁵,²⁸⁷,³⁰⁰,³⁰¹
Previously, the pro-angiogenic eﬀect of increased ﬂexibility was thought to be
related to the availability/density of ECM binding sites to cells or the accessibility
of ECs to soluble angiogenic factors or nutrients, particularly in 3D settings. As the
importance of tension-mediated ECM remodeling and patterning in angiogenesis
has come to light, the pro-angiogenic eﬀect of increased ﬂexibility is likely attributed to the reduction of the ECM stiﬀness, which allows ECs to reorganize
the ECM through traction forces during the tube-forming process.¹⁰,²⁷⁸ Indeed, it
was shown in the late 1970s that the basement membrane at tips of newly formed
capillary sprouts (and growing epithelial glands as well) becomes thinner as a result of high ECM turnover,⁶³,³⁰² suggesting that a more malleable environment is
needed for angiogenesis. It appears, however, that the range of malleability has an
upper limit. ECs cannot form tubes in very soft ECM gels because they contract
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TABLE 2. Effects of Physical Properties of the Extracellular Matrix on
Angiogenesis
Cell Typea

Substrate

Cell response to changes in physical
properties of substrate

Effects of compliance of extracellular matrix
2D angiogenesis assays
BAEC

Type I collagen

Decreased tube formation when collagen
concentration was increased188

HUVEC

Gelatin

Gelatin was coated on polyacrylamide gels
Decreased tube formation when the rigidity of the
polyacrylamide gel was increased299

BAEC

Matrigel

Matrigel was coated on a rigid surface
Decreased tube formation when the thickness of
Matrigel was decreased277

HUVEC

Matrigel

Decreased tube formation when stiffness was
increased by glycation of Matrigel298

3D angiogenesis assays
HBOEC

Type I collagen

Decreased tube formation when stiffness was
increased by constraining a floating gel287

HUVEC

Type I collagen

Decreased tube formation when collagen
concentration was increased185
Decreased tube formation when stiffness was
increased by glycation of collagen300

Rat aortic rings

Type I collagen

Decreased tube formation when collagen
concentration was increased104,105

Rat microvessel
fragments

Type I collagen

Decreased tube formation when collagen
concentration was increased103

HUVEC

Type III collagen

Decreased tube formation when collagen
concentration was increased185

BPAEC

Fibrin

Decreased tube formation when stiffness was
increased by manipulating the polymerization
condition301

HUVEC

Fibrin

Decreased tube formation when fibrin
concentration was increased286

Effects of distribution of extracellular matrix
2D angiogenesis assays
BAEC

Alkylated
cellulose

Tube formation occurred at higher
hydrophobicity422

BCEC

Type IV collagen Tube formation occurred at intermediate
concentration of type IV collagen81

BCEC

Fibronectin

Tube formation occurred at intermediate
concentration of fibronectin81
Tube formation occurred on 10-µm but not on 30µm wide linear strips282

a

Abbreviations of cell types. BAEC = bovine aortic endothelial cells; BCEC = bovine capillary
endothelial cells; BPAEC = bovine pulmonary artery endothelial cells; HBOEC = human blood
outgrowth endothelial cells; HUVEC = human umbilical vein endothelial cells.
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the gels excessively.²⁸⁷ In extremely soft ECM gels, cells may undergo apoptosis
if they cannot develop a suﬃcient amount of tension that is necessary for shape
stability and survival.

b. Effects of Spatial Distribution of ECM Ligands on Angiogenesis

When the distribution of the ECM on rigid surfaces (e.g., petri dishes or glass slides)
was manipulated by ECM coating density or surface patterning, the tube formation of ECs occurred on those resulting in intermediate cell area (or cell traction)
(Table 2). Ingber and Folkman⁸¹ found that when ECs were plated on rigid surfaces
coated with diﬀerent densities of type IV collagen or ﬁbronectin, ECs formed tubes
at intermediate concentrations of these matrix molecules; on the other hand, ECs
were highly spread and formed a monolayer at high matrix concentrations but were
round and apoptotic at low concentrations. Subsequent studies applied micropatterning techniques to constrain cell spreading on 10 µm- or 30 µm-wide stripes.
ECs on a 10 µm-wide stripe formed a tube containing a central lumen, but those
on 30 µm stripes did not, even though ECs were cultured in the same medium and
both strips were coated with the same ﬁbronectin density.²⁸² These ﬁndings suggest that tube formation by ECs is dependent on the extent of cell spreading and
cytoskeletal tension.

3. Effects of Angiogenesis on Structural and Material Properties of ECM

Angiogenesis produces an increase in vessel density, facilitating tissue growth and
repair.⁶⁷,³⁰³ However, given the relatively high levels of MMP expression during
angiogenesis,²⁰⁷ it is possible that the process of angiogenesis alters the mechanical
properties of the tissue in which the event is occurring. Alterations in the mechanical
properties of the tissue ECM, and consequently tissue function, may result in feedback signals to the angiogenic ECs, modulating angiogenic activity.³⁰⁴,³⁰⁵ However,
the molecular mechanisms and the manner in which the alterations aﬀect ECM
material properties are unknown. A better understanding of the relationship between angiogenic vessels and the mechanics of the tissue undergoing angiogenesis
will provide the basis for improved control of tissue vascularization in both native
tissues and engineered constructs.
As discussed in Section V, proteolysis associated with angiogenesis requires
the expression of a number of MMPs that degrade the ECM. In vitro, contact
of ECs with ECM components, especially type I collagen, induces synthesis of
MMP-1 and -2.³⁰⁶-³⁰⁸ MMP-1 and -2 degrade diﬀerent targets but may have
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cross-reactivity.³⁰⁹ MMP-2 primarily lyses the basement membrane—types IV
and V collagen, elastin, and laminin; while MMP-1 lyses the interstitium—types
I and III collagen.³¹⁰,³¹¹ MMP-13 and -9 are similar to MMP-1 and -2, respectively, with demonstrated diﬀerential temporal rates of expression and possible
diﬀerent sites of lysis.³⁰⁹,³¹¹
In vitro studies using a 3D intact microvessel angiogenesis system¹⁰³ support the notion that MMP expression during angiogenesis can alter the material
properties of the ECM.³¹²,³¹³ Changes in MMP gene expression and mechanical
properties of 3D vascularized collagen gels were examined at two culture periods
using quantitative PCR (qPCR) and viscoelastic materials testing,³¹⁴ respectively.
Six vascularized gels were tested at day 1 and day 6 of culture, while six native gels
(no vessels) each were polymerized from the same collagen and tested at the same
times. Twelve additional vascularized gels were used for qPCR at day 1 and day
6 of culture. Gene expression was quantiﬁed for MMP-2, -9, and -13. Expression
levels for MMP targets were normalized to the geometric mean of the expression
levels of four housekeeping genes (YWHAZ, GAPDH, UBC, and Dynactin).³¹⁵
Results demonstrated a greater than 50% reduction in dynamic stiﬀness of the vascularized constructs between day 1 and day 6 of culture (Fıg. 11). This period also
corresponded in an approximately 50% increase in expression of MMP-2 and -9
and an approximately 400% increase in MMP-13 (Fıg. 12). In particular, there was
a signiﬁcant increase in relative expression levels for MMP-2, -9, and -13 between
day 1 and day 6 (p < 0.001, p = 0.004, and p = 0.001, respectively). In this angiogenesis
model, day 6 corresponded to the appearance of the maximum number of new vessel
sprouts, suggesting that the decrease in dynamic stiﬀness was due to MMP expression associated with new sprout formation.
Although these data are only correlative, the results point to MMP-mediated
ECM degradation, speciﬁcally via MMP-13, as a potentially signiﬁcant byproduct
of angiogenesis. This phenomenon may have important implications for soft tissue healing, in which there is likely a tradeoﬀ between the amount of angiogenesis
necessary for tissue repair and compromise of the ECM material properties. As
discussed in the previous sections, it is clear that ECM material properties play
a role in regulating the proliferation of ECs. However, additional ECM physical
properties such as density could modulate EC sprouting and invasion in angiogenic
vessels, in that MMP expression could be insuﬃcient to degrade the ECM locally.
Clearly, further research in this area is warranted.

VI.C. Role of Externally Applied Mechanical Stresses in Angiogenesis

Blood vessels are constantly exposed to mechanical forces that originate from blood
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FIGURE 11. Effect of angiogenesis on the mechanical properties of the ECM. Freshly isolated
rat microvessel fragments were cultured in type I collagen gels as previously described.103
The dynamic stiffness of the vascularized gels was determined by viscoelastic materials
testing at different culture periods (1 and 6 days), equilibrium strain level (2, 4, and 6%),
and oscillation frequency (0.05, 0.1, 1.0, and 5.0 Hz).314 Data for each vascularized gel (V)
were normalized by the corresponding native gel (N). There was a significant decrease in
dynamic stiffness between day 1 and day 6 for all tested conditions (p < 0.001). In contrast,
there was no change in the dynamic stiffness of the native gels between test days. Data
are shown as mean ± standard deviation, n = 6 for all bars.

ﬂow or the extravascular environment such as compression by growing tissues or
contracting skeletal muscle (Fıg. 13).¹¹ There is a vast amount of experimental evidence demonstrating that externally applied mechanical stresses (ﬂuid shear stress,
stretch, and pressure) regulate cytoskeletal organization, signal transduction, gene
expression, and a wide variety of EC functions, including migration, proliferation,
and ECM remodeling, which suggests a role of extrinsic stresses in angiogenesis.
In fact, many studies have shown that ﬂuid shear stress and stretch can aﬀect the
production and/or activity of the endogenous biochemical factors discussed in Section V, although most of these investigations were not conducted in the context
of angiogenesis. Several excellent reviews concerning the myriad eﬀects of externally applied mechanical stresses on EC functions are available.²²⁴,³¹⁶-³²⁶ Here our
discussion is focused on ﬁndings that directly relate extrinsic stresses to the tube
formation of ECs.
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FIGURE 12. Temporal profile of MMP expression for the 3D intact microvessel angiogenesis
system. Freshly isolated rat microvessel fragments were cultured in type I collagen gels as
previously described.103 The mRNA amounts of MMPs-2, -9, and -13 in the vascularized
gels were examined at two culture periods using quantitative PCR.312,313 Expression was
normalized to the geometric mean of four housekeeping genes (YWHAZ, GAPDH, UBC,
Dynactin).315 There was a significant increase in expression of all three targets as a function of culture time (p < 0.001, p = 0.004, and p = 0.001, respectively). Increases in MMP-2
and -9 expression between day 1 and day 6 were approximately 50%, while the increase in
MMP-13 expression was approximately 400%. Data are shown as mean ± standard deviation, n = 6 for all bars.

1. Externally Applied Mechanical Stresses on ECs
a. Hemodynamic Stresses

A unique feature of the vascular system is that the natural environment is mechanically dynamic as a result of blood ﬂow. There is ample evidence that hemodynamic
stresses play an important role in modulating normal and pathological EC functions,
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FIGURE 13. Externally applied mechanical stresses on endothelial cells. Endothelial cells in a
capillary may be subjected to mechanical stresses associated with blood flow (e.g., fluid shear
stress acting on the luminal surface of ECs) or the muscle activity (e.g., muscle stretch acting
on the basal surface of ECs). (© 1998 Hudlicka O. Microcirculation 1998; 5:5–23. Adapted
with permission of Taylor & Francis Group, LLC, http://www.taylorandfrancis.com.)

although, historically, studies in this ﬁeld have focused on ECs in large vessels in
particular arteries.²²⁴,³¹⁸,³²⁶ In the study of microvascular remodeling in response to
hemodynamic stresses, investigations have focused primarily on wall shear stress,
which results from the frictional drag caused by blood ﬂowing over the EC surface
(stationary wall), and circumferential wall stress, which results from a pressure gradient between the vessel lumen and exterior resulting from blood pressure.²²⁴,³²⁵,³²⁶
For laminar ﬂow of an incompressible Newtonian ﬂuid in a rigid tube with
circular cross-section, the wall shear stress (τw ) can be approximated from the blood
velocity (v) and the vessel lumen radius (r), using:
τw = 4µf / πr³ = 4µv / r

(1)

where f is the volumetric blood ﬂow rate and µ is the blood viscosity.
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The above equation has been used to estimate wall shear stress in both large and
small vessels.¹¹,³²⁵ However, as vessel diameter drops below 1 mm, red blood cells
cluster at the center of the vessel, resulting in a cell-free layer of plasma near the
vessel walls (the Fahraeus–Lindqvist eﬀect).²²⁶,³²⁷ This reduces the eﬀective viscosity and thus results in lower shear stresses. In addition, in very small vessels such as
capillaries, there is considerable interaction between circulating blood cells and ECs,
including adhesive contact and/or friction, which can generate signiﬁcant normal
and shear stresses in these vessels.²²⁶,³²⁵,³²⁷ Nonetheless, Eq. (1) provides a convenient
tool to estimate wall shear stress from parameters that can be acquired rather easily.
The blood viscosity and lumen radius of capillaries are about 0.02 poise and 4 µm,
respectively. The velocity of blood ﬂow in capillaries usually refers to the red blood
cell velocity (vrbc) measured from intravital observation.¹¹,³²⁷ As mentioned in Section II, the average ﬂow velocity in the capillaries is approximately 1 mm/sec.¹³,¹⁴
Thus the wall shear stress in capillaries is on the order of 20 dyn/cm².
The circumferential stress in ECs resulting from transmural pressure gradients
from blood pressure can be estimated using the law of Laplace for an internally
pressurized thin-walled cylinder,

T=Pr

(2)

where T is the wall tension per unit length and P is the pressure diﬀerence across
the vascular wall (intraluminal pressure – extravascular pressure).
The circumferential wall stress σ (often referred to as the wall stress or hoop
stress) can be derived from the tension using the relationship,
T=σh

(3)

where h is the wall thickness (endothelial thickness).²²⁶,³²⁵,³²⁷
If wall thickness is assumed to be 1 µm, the wall tension and wall stress are
about 13.4 dyn/cm and 1.34 × 10⁵ dyn/cm², respectively, at a normal, resting capillary
pressure (~25 mmHg).¹⁴ This is perhaps the most accessible measure of wall stress.
In reality, it is diﬃcult to know the exact stress in capillaries because of problems
associated with estimating the load-bearing wall thickness and support by external
tissue, because the compliance of the capillaries depends on the amount of surrounding tissue that is integrated with the blood vessel and the state of stress in the
surrounding tissue.²²⁶,³²⁵,³²⁷
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b. Extravascular Mechanical Factors

In addition to blood-ﬂow–associated stresses, blood vessels also experience extrinsic stresses originating from their surrounding tissues. For example, in the heart
and skeletal muscles, muscle contraction produces compressive stresses that can
eﬀectively decrease vessel diameters and increase resistance to ﬂow.¹¹ Most of the
investigations on microcirculation remodeling have been conducted using skeletal
muscle.¹¹ The circulation within skeletal muscle is highly organized. Capillaries
generally run parallel to the muscle ﬁbers (myocytes), with each ﬁber surrounded
by 3 to 4 capillaries, depending on the type of muscle ﬁber. During muscle contraction, capillaries are exposed to repeated shortening and elongation as a result of
changes in sarcomere length. Stretch of capillaries as a result of muscle activity is
thought to be one of the several mechanisms by which exercise induces angiogenesis
in skeletal muscle.¹¹

2. Effects of Externally Applied Mechanical Stresses on Angiogenesis

Adult-derived mature ECs can develop capillary-like networks in cell culture
in the absence of ﬂow or any other externally applied stresses,⁶⁹,⁷⁰ demonstrating that extrinsic stresses are not necessary for angiogenesis; soluble angiogenic
factors and the ECM together are suﬃcient. However, several diﬀerent ﬁndings
support the hypothesis that mechanical factors connected with blood ﬂow or extravascular mechanical stretch are important regulators in postnatal physiological
angiogenesis.
The role of blood ﬂow in postnatal capillary growth was ﬁrst demonstrated
by Clark in the late 1910s.³²⁸ By examining capillaries in the same area in tadpole tails for many consecutive days, Clark was able to ascertain that capillaries
with a high velocity of ﬂow (and thus high shear stress) had more sprouts, but
capillaries with slow ﬂow gradually narrowed and disappeared. In agreement
with this, several drugs known for their vasodilating properties were found to
stimulate capillary growth in the heart and/or skeletal muscle after long-term
administration (see Hudlicka¹¹ for review). Observations that attest to a role of
mechanical stretch in angiogenesis include the increased vascularity in healing
skin ﬂaps under stretch³²⁹ and exercise-induced angiogenesis via concomitant
stretch of capillaries with muscle ﬁbers, although the latter may also involve
increased blood ﬂow during exercise.¹¹ Based on these observations, attempts
have been made to present separately the evidence for the role of ﬂuid shear
stress and mechanical stretch in angiogenesis. These investigations are summarized in Table 3.
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TABLE 3. Effects of Fluid Shear Stress and Mechanical Stretch on
Angiogenesis
Primary
stress

Tissue or
cell typea

Tissue or cell response to mechanical stimulation

In vivo investigations
Fluid shear
stress

Rat
skeletal
muscle

Increased capillary density in response to chronic
vasodilation330-335,337
Increased active form of MMP-9 in response to chronic
vasodilation332
Increased VEGF protein production and endothelial cell
proliferation in response to chronic vasodilation337

Rabbit ear
chamber

Increased capillary density in response to chronic
vasodilation336

Mechanical
stretch

Rat
skeletal
muscle

Increased capillary density in response to muscle
stretch335,337–339
Increased MMP-2 activity, mRNA, and protein levels in
response to muscle stretch337
Increased MMP-14 mRNA level in response to muscle
stretch337
Increased VEGF protein production and endothelial cell
proliferation in response to muscle stretch337

Fluid shear
stress &
mechanical
stretch

Rat
skeletal
muscle

Increased capillary density in response to chronic electric
stimulation335,340
Increased MMP-2 mRNA and protein levels in response to
chronic electric stimulation340
Increased MMP-14 mRNA and protein levels in response
to chronic electric stimulation 340

In vitro investigations
Fluid shear
stress

BAEC

Directional assembly on Matrigel when subjected to shear
stress345
Increased tube formation on Matrigel after subjected to
shear stressb,423

BPMEC

Increased tube formation in type I collagen gel when
subjected to shear stress352

Mechanical
stretch

BAEC

Directional outgrowth of endothelial sprouts when
cultured on stretched type I collagen gelc,95

Other

RCMEC

Increased tube formation in type I collagen gel when
incubated with conditioned medium from stretched rat
cardiac myocytes353

a

Abbreviations of cell types. BAEC = bovine aortic endothelial cells; BPMEC = bovine pulmonary
microvascular endothelial cells; RCMEC = rat coronary microvascular endothelial cells.
b
Cells were subjected to fluid shear stress for 16 hours and then harvested for culture on Matrigel
under static condition.
c
No directional sprouting when cultured on stretched fibrin gels.
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a. Effects of Fluid Shear Stress and Mechanical Stretch on Angiogenesis

In vivo investigations. The role of ﬂuid shear stress and mechanical stretch in
postnatal capillary growth has been investigated primarily in rat skeletal muscle
and rabbit ear chambers. Chronic administration of vasodilators, such as the α1adrenergic receptor antagonists (prazosin), dipyridamole, and propentofylline, is the
most commonly used approach for achieving prolonged elevation of capillary shear
stress without disturbing muscle contraction.¹¹ Many studies using this approach
have demonstrated conclusively that vasodilator-induced high shear stress caused
a signiﬁcant increase in the number of capillaries in rat skeletal muscle and rabbit
ear chambers.³³⁰-³³⁷ Capillary growth in rat skeletal muscle can also be stimulated,
with minimal alteration in blood ﬂow, by stretching the muscle (e.g., overloading
the extensor digitorum longus muscle by unilateral surgical removal of the tibialis anterior).³³⁵,³³⁷-³³⁹ Thus ﬂuid shear stress and mechanical stretch can induce
angiogenesis separately.
Comprehensive studies by Hudlicka and colleagues,³³⁵ however, show that the
processes of shear- and stretch-induced capillary formation diﬀer signiﬁcantly. New
capillaries in stretched muscle form primarily by sprouting angiogenesis, whereas
shear stress stimulation causes capillary growth via intussusceptive angiogenesis.
These distinct mechanisms seem to be additive in light of the fact that both forms of
angiogenesis occurred in rat skeletal muscle subjected to chronic electrical stimulation
(a treatment that induces muscle contraction and increases blood ﬂow), although
sprouting was the predominant mechanism.³³⁵ The ﬁnding that two angiogenic
mechanisms can be initiated depending on the nature of the stimulus implies that
the molecular events driving the process of angiogenesis diﬀer with stimuli. In agreement with this, studies by Hass and colleagues³⁴⁰ show that inhibition of MMP
activity eliminated the inductive eﬀect of electric stimulation in capillary growth
in rat skeletal muscle, and that the activity and mRNA of MMP-2 and mRNA of
MMP-14 were increased during muscle stretch-induced but not shear stress-induced
angiogenesis.³³⁷ Recall that ECM degradation is an essential element in sprouting
angiogenesis. Taken together, these results are direct evidence that stimulation via
muscle stretch (acting on the basal surface of ECs) and elevated shear stress (acting
on the luminal surface of ECs) result in two distinct patterns of gene expression
and EC behavior, leading to diﬀerent angiogenic mechanisms (i.e., sprouting vs.
intussusceptive angiogenesis).
The investigations summarized above examined the bulk change in capillary beds
(e.g., numbers/density of capillaries) in response to a global change in the mechanical
environment. At the cellular level, Hudlicka and colleagues¹¹,³⁴¹ noted that sprouts
often occurred at the point of maximal curvature in preexisting capillaries (i.e., an
area where the strain is high) in chronically stimulated muscle and suggested an
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increased protease activity in this region. This notion is supported by the ﬁndings of
Hass and colleagues³³⁷,³⁴⁰ and a number of other reports demonstrating the inductive
eﬀect of strain on the production and/or activity of proteases.³⁴²,³⁴³

b. Effects of Fluid Shear Stress and Mechanical Stretch on Angiogenesis

In vitro investigations. The role of extrinsic stresses in angiogenesis has been investigated using 2D and 3D in vitro assays, as already discussed above, with modiﬁcation
to apply deﬁned ﬂuid shear stress or strain on cells. The eﬀects of shear stress on the
tube formation of ECs cultured on the surface of Matrigel or type I collagen gels
have been studied using a parallel-plate ﬂow chamber.³⁴⁴ Shear stress at 1 dyn/cm²
promoted the directional assembly of subconﬂuent bovine aortic ECs, which formed
tubular structures that tended to align with ﬂow direction on the surface of Matrigel.³⁴⁵ This ﬁnding is consistent with data in established literature showing that shear
stress induces EC shape change such that the long axis of the cell body aligns with
the direction of ﬂow.³⁴⁶-³⁵¹ In 3D cultures, the sprouting of a monolayer of bovine
pulmonary microvascular ECs into collagen gels was enhanced by shear stress at 3
dyn/cm², but sprouts did not exhibit any directionality, presumably because of the
minimal shear stress inside the gel.³⁵²
The eﬀect of mechanical stretch on EC sprouting has been studied using 3D
models in which tensional stresses are applied to ECM gels by uniaxial static stretch.
When an EC spheroid was cultured on top of nonstretched collagen gels, sprouts
grew radially out of the spheroid. However, when cultured on stretched collagen gels
(25, 33, and 50% elongation), outgrowth of ECs preferentially occurred along the
direction of the tensional stresses in a dose-dependent manner.⁹⁵ Tension-induced
directional sprouting is primarily mediated through the tension-induced alignment
of collagen ﬁbers, which in turn support and guide EC outgrowth. The critical role
of the matrix as a tension mediator is evidenced by the lack of directional sprouting of ECs cultured on stretched ﬁbrin gels.⁹⁵ When compared to collagen, ﬁbrin
forms much shorter ﬁbers and has a more compact, dense structure, which appears
to limit its mechanotransducing capability.⁹⁵ Thus, when extrinsic stresses are applied
to cells through the ECM, the mechanical and structural properties of the ECM
aﬀect how cells sense and/or respond to the external loading.
Fınally, it is important to note that external loading, and stretch in particular, may activate ECs via paracrine signaling. Studies by Zheng and colleagues³⁵³
showed that cyclic stretch of rat cardiac myocytes (10% strain, 0.5 Hz) induced the
release of VEGF from these cells. Furthermore, the tube formation of rat coronary
microvascular ECs in 3D collagen gels was enhanced when ECs were incubated
with conditioned medium from stretched rat cardiac myocytes, but it was inhibited
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when VEGF neutralizing antibodies were added to the conditioned medium.³⁵³
These ﬁndings suggest that stretch can indirectly evoke the tube formation of ECs
via inducing the release of angiogenic stimuli from cardiac myocytes.

3. Mechanotransduction

There are numerous reports detailing the intracellular signaling events in ECs triggered by externally applied forces. Articles that provide comprehensive reviews in this
subject are available.²²⁴,³¹⁶-³²⁶ Generally speaking, the responses of ECs to extrinsic
forces can be separated into rapid responses that occur within seconds to minutes
and delayed responses that develop over many hours.²²⁴,³²¹ The rapid responses
are due to the activation of a variety of intracellular signaling events, including
potassium channel activation, elevated intracellular free calcium concentration,
inositol trisphosphate generation, adenylate cyclase activation, G protein activation, phosphorylation of protein kinases, and, eventually, activation of transcription
factors.²²⁴,³²¹ Delayed responses usually require the modulation of gene expression
and may not occur if the mechanical stimulus is transient.²²⁴,³²¹ Force-induced cytoskeletal rearrangement used to be considered a delayed response, because it may
take hours for a cell to change its shape. With advances in microscopic imaging
techniques that allow observations of cytoskeletal dynamics in a miniature time
frame, it is now known that cytoskeletal reorganization in ECs occurs within seconds
of mechanical stimulation.¹⁰⁹,³⁵⁴
Although intracellular signaling events triggered by externally applied forces have
been elucidated, the primary mechanosensor for transducing mechanical stimuli into
biochemical signals remains elusive. It is hypothesized that forces may physically alter
the molecular structure and/or displace the position of a sensor, thereby triggering
chemical signal transduction events. Because most extrinsic forces ﬁrst act directly
on the plasma membrane, the majority of proposed mechanosensors are structures on
the plasma membrane, including ion channels, G protein-linked receptors, receptortype tyrosine kinases, integrins, and the lipid bilayer; alternatively, because forces
applied to the plasma membrane are transferred to the cytoskeleton, it too could act
as a mechanosensor.²²⁴,²³⁴,³¹⁷,³¹⁹,³²¹,³²³,³²⁴,³⁵⁵-³⁶⁰ Of the proposed mechanosensors,
cytoskeleton and integrins have been the most extensively studied.
As discussed in Section VI.A, an anchorage-dependent cell exists in a state
of tension that is maintained by its cytoskeleton and balanced by the surrounding
ECM via integrin-mediated adhesion sites. When an external force is applied to
the cell, the internal cellular force changes to equalize the external force by actively
rearranging its cytoskeleton and adhesion sites (that is, if the cell remains attached
to the ECM). The resulting change in cytoskeletal tension may convey a regulatory
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signal to the cell and subsequently alter its functional state. Dynamic changes in
cytoskeleton organization and cell/ECM linkages (e.g., the distribution and composition of FAs) may thus play a critical role in regulating mechanotransduction.
These changes have been observed in ECs in responses to shear stress and stretch
in in vitro studies.¹⁰⁹,²³³,³⁴⁶,³⁴⁸,³⁴⁹,³⁵⁴,³⁶¹-³⁶³
A central question remains as to how the cytoskeleton and/or adhesion complexes convert mechanical stresses to biochemical reactions. Located at the ECM/
transmembrane integrin/cytoskeleton linkage site, FA is a heterogeneous, multimolecular complex consisting of more than 50 diﬀerent proteins.²⁴²,²⁴³ Enrichment
of signaling and structural proteins at FAs could facilitate intracellular signaling by
bringing enzymes and their substrates into close proximity, thereby enhancing the
rate and opportunity of reaction.²⁴²,²⁴³,³⁶⁴ It is hypothesized that forces exerted on
integrins may induce structural modiﬁcations within the cell/ECM linkages, cell
membrane, or cytoskeleton.²²⁷,²⁴²,²⁷² These structural changes could in turn modulate
the enzyme/substrate reactivity and/or the conductance of ion channels, thereby
aﬀecting signal transduction events.²²⁷,²⁴²,²⁷² Alternatively, forces distributed along
noncovalent bonds in a multimolecular FA complex may alter bond formation and
dissociation kinetics, thereby altering signal transduction events.³⁶⁵,³⁶⁶
Fınally, although each of the candidates mentioned above has been proposed
to be a primary mechanosensor, it should be noted that they have a high degree of
association with one another.²²⁴,³²¹,³⁶⁶ Considering the diverse signaling pathways
induced by forces, it is likely that several mechanosensors are induced simultaneously. Hence, forces may be transduced to biological signals through interactions of
activated mechanoreceptors (Fıg. 14). Such a “decentralized model” was proposed by
Davies²²⁴,³⁶⁷ to describe EC responses to mechanical stresses. In this model, forces
acting on one region of the cell surface are also transmitted by the cytoskeleton to
other locations at which signaling can occur, such as FAs at the cell/ECM interface, cell–cell junctions, membrane receptors on the apical surface, and the nuclear
membrane; the cytoskeleton itself is also a mechanosensor. This model predicts
mechanotransduction as an integrated response of multiple signaling networks that
are spatially organized in the cell. There is an increasing amount of data supporting
the decentralization model.²²⁴,²²⁷,³²¹,³⁶⁷-³⁶⁹

VII. MATHEMATICAL MODELING OF BLOOD VESSEL FORMATION

Mathematical modeling of angiogenesis has been a focus of research for over 20
years. The ability to predict the formation and growth of a vascular bed would provide an improved understanding of fundamental aspects of angiogenesis associated
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FIGURE 14. Mechanotransduction. Externally applied forces may directly activate individual
mechanosensors or may be transmitted by the cytoskeleton to other locations where signaling can occur. In either case, cascades of intracellular signaling events are initiated, leading
to altered gene expression and cell behavior. (Reprinted with permission from Davies PF.
Flow-mediated endothelial mechanotransduction. Physiol Rev 1995; 75:519–60.224 ©The
American Physiological Society.)

with wound healing and tumor metastasis, while potentially providing a framework
for investigating treatment strategies to augment or inhibit angiogenesis.³⁷⁰ Most
investigators have focused on the study of angiogenesis associated with tumor
growth.³⁷¹-³⁸⁴ In the case of solid tumors, continued growth of the tumor beyond a
size of about 1–2 mm in diameter is diﬀusion limited, and the tumor must recruit a
source of oxygen from the host vasculature via angiogenesis. While only one study
explicitly addressed the prediction of angiogenesis associated with wound healing,³⁸⁵
many of the other mathematical frameworks that have been developed could be
adapted to study wound healing. In all cases, the goal of the mathematical model is
to predict the sprouting and growth of new vessels and/or branching/anastamosis
in response to one or more stimulatory or inhibitory factors. This section focuses
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on the prediction of the growth of new vascular networks rather than the structural
adaptation of existing vascular networks (such as in the work by Pries et al.³⁸⁶). For
more details on the mathematical approaches used by previous investigators, the
reader is encouraged to consult one of the available reviews in this area.³⁷⁰,³⁸⁷

VII.A. Continuous Versus Discrete Approaches

The methods that have been used to predict angiogenic sprouting and microvessel
growth can be broadly categorized into continuous (or continuum) and discrete
methods. Continuous methods use partial and ordinary diﬀerential equations (PDEs/
ODEs) to describe the variation of dependent variables in space and time.³⁷²,³⁷⁶,³⁸⁰-³⁸⁵
One of these equations is often based on conservation of EC mass and may be augmented by additional PDEs that govern diﬀusion/production of a chemical species
or by the strong form of the equations of motion to incorporate the eﬀects of ECM
stresses. As an example, EC density commonly has been used as a dependent variable
to track vascular growth. Continuous methods are generally deterministic.
The advantage of mathematical models that are based on continuous methods is
that they beneﬁt from the well developed mathematical and computational tools for
solving PDEs and ODEs on continuous spatial domains, and they can be discretized
with standard ﬁnite diﬀerence or ﬁnite element methods. The continuous approach
has been used to model angiogenesis in both one dimension³⁷⁸,³⁸¹-³⁸⁵,³⁸⁸ and two
dimensions.²⁸⁸,³⁷⁶,³⁷⁸,³⁸⁰,³⁸⁹ Continuous models have been successful in predicting
several features of angiogenesis, including EC density, EC growth rate, and the
response of ECs to a variety of chemical and mechanical stimuli. However, they do
not predict the actual morphological structure of the resulting vascular network.
Models that can be classiﬁed as discrete methods use a discrete approximation in
terms of the state of cells, time evolution, and/or space. With discrete methods, the
motion of individual ECs can be tracked over time, and the movement is generally
based on a set of rules. One class of discrete models comprise the cellular automata
models,³⁹⁰ which use the state of nearby cells in combination with a set of rules to
control movement. Cellular automata models have a long history of use in mathematical modeling of angiogenesis³⁷⁷,³⁹¹-³⁹⁸ and often incorporate stochastic ODEs.
Discrete models can be combined with underlying continuous models.³⁷⁹,³⁹⁹
As an example of a discrete method, the movement of cells in the reinforced
random walk model³⁷¹,⁴⁰⁰,⁴⁰¹ is based on the state of a local signal that does not
diﬀuse. The local probability density distribution of an EC at a spatial location is
deﬁned in terms of the transition probability rates at adjacent locations, which in
turn are deﬁned in terms of “control substances,” which may include growth factors
and/or ECM components.
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One of the major advantages of discrete methods is that they predict a distinct
morphology for the vascular network. Furthermore, discrete methods generally use
a smaller number of model inputs, and there is a wider range of input values that
can give reasonable predictions of microvasculature structure and growth. Compared
to models based on continuous PDEs, discrete models are computationally more
eﬃcient. However, the deﬁnition of the state space and the rules for transition are
somewhat arbitrary, and there is always the question of whether or not distinct
transitions between spaces exist in the actual biochemical and biophysical processes
that occur.

VII.B. Types of Angiogenic Stimuli
1. Chemotaxis

Many of the mathematical models that have simulated angiogenesis in the context of tumor growth have examined chemotaxis resulting from either a generic
tumor angiogenic factor (TAF) or more speciﬁc pro-angiogenic substances such as
VEGF.³⁷⁵-³⁸³,³⁸⁹,³⁹⁴-³⁹⁶,⁴⁰² This approach has been used in both discrete and continuous models. Typically, the local rate of change of concentration of these substances
is balanced with a diﬀusion-type term and a source/sink term. The local density of
endothelial cells may then depend on the local concentration of one or more proand anti-angiogenic substances—for instance, angiostatin.³⁷¹
This approach has been extended to include description of the time evolution of
reaction in terms of products and inputs, most commonly using Michaelis–Menton
kinetics.³⁷⁵,³⁷⁸,⁴⁰¹,⁴⁰³,⁴⁰⁴

2. Blood Flow

Blood ﬂow results in hemodynamic forces, and the resulting pressures and shear
stresses on ECs have been proposed and modeled as angiogenic stimuli.³⁷⁴,³⁹⁹,⁴⁰⁵-⁴⁰⁷
The approaches are based on an ideal set-point for EC shear stress. For instance,
Godde and Kurz³⁹⁹ modeled blood ﬂow through capillary networks to determine
local pressure gradients, which were in turn used to calculate local shear stress. A
probability function was then computed based on the local shear stress and predeﬁned minimum and maximum values of shear stress that would trigger either
growth or regression of a microvessel. Such an approach can also be used to assess
the concentration of blood-delivered substances such as oxygen³⁹⁹ or chemotherapeutic drugs.³⁷⁴
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3. Cell/ECM Interactions

As discussed in Section VI, the physical/mechanical properties and spatial distribution of ECM components can have a dramatic eﬀect on the proliferation and
directional growth of ECs. In the absence of a tumor or blood ﬂow, angiogenesis
occurs “spontaneously” in many in vitro models. This is due to a number of factors,
including hypoxia and cytokines in the media. In addition, cell/ECM interactions
and mechanical stresses play a role. In mathematical models of angiogenesis, the
eﬀects of EC/ECM interactions have been incorporated using two approaches: (1)
modeling haptotaxis, the directed movement of cell motility or outgrowth, either
up or down a gradient of cellular adhesion sites³⁷⁶,³⁷⁷,³⁷⁹; and (2) modeling mechanotaxis, the inﬂuence of local EC-generated tractions on the movement (diﬀusion)
of ECs.²⁸⁸,³⁷⁶,³⁷⁷,³⁷⁹,⁴⁰⁸,⁴⁰⁹
Haptotaxis has been simulated by using the local gradient of the density of ECM
components such as ﬁbronectin as a driving force for cell movement.²⁸⁸,³⁷⁰,³⁷⁷,³⁷⁹,⁴⁰⁴
The mathematical framework tracks the space- and time-varying concentration of
the relevant haptotactic ECM component and bases a diﬀusive ﬂux resulting from
haptotaxis on its local gradient. If the concentration of the ECM component as a
function of position x and time t is c(x,t) and the local EC density is n(x,t), the ﬂux
of ECs stemming from haptotaxis Jhaptotaxis can be represented as³⁷⁸

Jhaptotaxis = a(c)n∇c

(4)

where a(c) is a scaling coeﬃcient that depends on the ECM component density.
This ﬂux can be readily incorporated into any modeling framework that tracks
ECM density as a primary dependent variable.
The role of EC-generated tractions in mechanotaxis during angiogenesis have
been simulated using the framework of continuum mechanics.⁴¹⁰ The strong form
of the equations of motion⁴¹¹ deﬁnes the local balance of forces on the ECM. With
the assumption of quasi-static equilibrium (no inertial forces), the equations of
motion take the form

div(σ) + F = 0

(5)

Here, σ is the second-order symmetric Cauchy stress tensor, and its divergence represents the internal forces per unit volume at a local point in the ECM; while F is
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the external body force per unit volume. The Cauchy stress in the ECM is assumed
to consist of stresses from the deformation of the ECM, σECM, and stresses from
traction forces applied by the ECs to the ECM, σEC:
σ = σECM + σEC

(6)

The material behavior of the ECM has been represented as a linear viscoelastic
material,²⁸⁸,³⁷⁶ while the directionality of stresses resulting from EC contraction is
generally ignored, and the ECs are assumed to generate a locally isotropic stress. The
external force vector F has been used to introduce a viscous drag term that depends
on the relative velocity of the solid and ﬂuid components of the ECM, analogous to
the approach used in the biphasic theory.⁴¹²-⁴¹⁴ The mechanical stresses and strains
are then related to the local concentration of ECs by assuming that the diﬀusion
tensor is a function of the strains.²⁸⁸,³⁷⁶

VII.C. Discussion

Mathematical models of angiogenesis have examined mechanical interactions with
the ECM using assumptions that are reasonable as a starting point, but some of the
assumptions may oversimplify the physics. The most potentially limiting assumptions are the lack of detail on the morphology of ECs and the distribution of focal
adhesions on ECs. The removal of the associated assumptions requires a much more
detailed representation of the geometry of endothelial cells and potentially other
cells such as pericytes. Furthermore, assumptions about the material behavior of the
ECM have included the use of linear elastic and viscoelastic constitutive models, and
these constitutive models are not objective (i.e., they are only valid for inﬁnitesimal
strains). A lack of directionality to the cell-generated traction forces in models of
EC/ECM interactions is questionable, because directional migration is an important
characteristic of EC migration in vitro.
The validation of mathematical models of angiogenesis has been generally qualitative. Conﬁdence in the predictive value of mathematical models is dependent on
quantitative validation, and the most direct way to achieve such validation is through
the use of specimen-speciﬁc modeling of in vitro systems. Imaging techniques such
as volumetric confocal microscopy could provide the starting point in terms of
geometry and cell classiﬁcation. The prediction of in vitro sprouting and growth of
angiogenic vessels, in the absence of tumor sources, would provide a solid foundation for further reﬁnement of the models.
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VIII. CONCLUDING REMARKS

Angiogenesis is a complex process that involves numerous cellular, molecular,
and biophysical regulators. Determining the spatial and temporal eﬀects of these
angiogenic regulators has far-reaching therapeutic possibilities and tissue engineering applications. This review has discussed the regulation of angiogenesis by diverse
mechanical forces, including cell-generated forces and their counterforces from the
ECM, externally applied forces that originate from blood ﬂow and muscle activity,
and extrinsic forces that are applied to ECs through the ECM. In the coming years,
investigations should aim at understanding how cells integrate various chemical signals and mechanical cues, creating a coherent theory of the control of angiogenesis.
In this regard, computational models that incorporate multiple epigenetic factors
to predict capillary patterning will be useful.
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