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Foreword |

Dr. David Shepro has compiled an outstanding book on
Microvascular Research that summarizes the state-of-the-art
advances in this exciting field and points to the future hori-
zons in this interdisciplinary area of great important in
health and disease.

The book starts with a Section on Basic Science that cov-
ersthe molecular and cellular bases of endothelial cell struc-
ture and function; roles of various molecules and cells in
regulating vascular development; in vitro models ranging
from zebrafish to mammalian and human systems; physio-
logical regulation of permeability, vascular tone and hemo-
dynamics, and the process of transendothelial transport in
relation to endothelial junctions and adhesion molecules.
This Basic Science Section provides an excellent foundation
and underpinning for the subsequent Sections.

The second Section presents the current knowledge on
Microvascular Adaptation in Organs, including the heart,
centra nervous system and eye, gastrointestinal tract,
hematopoietic system, kidney, liver, lung, lymphatics, pan-
creas, skeletal muscle, skin, and reproductive systems. The
comprehensive presentations in this Section point out the
uniqueness of each organ/tissue and at the same time pro-
vide insights into the similarity in microvascular adaptation
among different organs and tissues. This organ-level treat-
ment of microvascular physiology leverages on the molecu-
lar and cellular approaches in the Basic Science Section and
set the stage for the Sections on Pathology and Therapy that
follow.

The third Section on Pathology covers the microvascular
basis of pathological changes seen in various disease states.
Some of the clinical conditions are well-documented as
stemming from microvascular abnormalities, e.g., thrombo-
sis and hemostasis, diabetes, inflammation, wound healing,
etc. With the expansion of knowledge on microvascular
research, there is now increasing evidence that the
microvasculature also plays asignificant rolein Alzheimer’s
disease, arthritis, transplant rejection, tumor growth and

metastasis, etc. This book provides an in-depth analysis of
the role of microvasculature in a variety of pathological
conditions.

Thefourth Section on Therapy provides new insightsinto
the great potential of applying the fruits of microvascular
research to clinical conditions such as fluid treatment of
hemorrhagic shock, the betterment of delayed precondition-
ing, therapeutic use of statins, therapeutic angiogenesis, and
the delivery of molecular and genetic therapeutic agents to
vascular endothelium. This Section points to the tranda-
tional potential of microvascular research to enhance human
health and combat disease.

The fifth Section on New Research Modes and Proce-
dures presents a stimulating and inspiring view of the vista
of microvascular research. It covers important recent
advances such as DNA microarray, tissue engineering,
endothelial biomarkers, knockout/transgenic models, math-
ematical models, and proteomics, as well as stem cells and
their therapeutic promises. This Section provides a great
ending of the book with the exciting future of microvascular
research.

In summary, this book provides a comprehensive and
logical progression from basic science through organ adap-
tation to pathology and therapy, ending with new research
approaches. It is the most definitive book ever written on
Microvascular Research and it is a must for all researchers
and students in this field.

Dr. Shepro’s superb background and experience made
him uniquely qualified to edit such a state-of-the-art treatise
on Microvascular Research. He has made important contri-
butionsto microvascular research, publishing over 200 peer-
reviewed articles and four books. He is a Founding Editor
and the Editor-in-Chief of MICROVASCULAR RESEARCH:
An International Journal. In this capacity, Dr. Shepro has a
marvelous knowledge of the leading scientists working at
the frontiers of microvascular research, and hence he was
able to gather such a stellar group of authors contributing to
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this wonderful book. As a member of the microvascular
research community, | wish to congratulate Dr. Shepro and
the contributors to this book for their outstanding accom-
plishments and to thank them for disseminating their pre-
cious knowledge to everyone working on this subject. This
book undoubtedly will have a major impact on the further
advancement of this important field.

Shu Chien, M.D., Ph.D.

University Professor of Bioengineering
and Medicine

Chair, Department of Bioengineering
University of California, San Diego
LaJolla, California, U.SA.

March 2005



Foreword ||

The present compilation of articles on the topic of
Microvascular Research is both the most comprehensive
and most current of the works ever written on this subject.
Its breadth is dazzling and the assembled cast of contribu-
torsis a Who's Who of the field's best minds. There is vir-
tualy no area of scientific discovery relevant to the
structure, function and pathology of the microvasculature
that is not addressed in this text. Together Drs Shepro and
D’ Amore have logged more that 75 years of research in vas-
cular biology and their knowledge of the field and of the top
scientistsin this field is unparalleled.

The volume starts with the basic biology of the cells that
comprise the microvascular bed and moves from there to
vascular development and permeability, in vivo models,
peri-vascular transport and on to the role of the microvascu-
lature in specific organ beds as well as in human disease.
What is noticeable is the extremely large list of human dis-
eases that are caused or influenced by aterations in the
microvasculature. One begins to think that the list of dis-
eases that are not influenced by microvascular alterations
must be considerable shorter. Of course, a large amount of
the research on microvessels over the past 35 years has been
conducted on the topic of tumor angiogenesis and this topic
iswell covered in this volume.

It is remarkable to see how much progress has been made
in microvascular research over the past few years and how
much information is now known. In some cases, the text
reveals new progress on topics that have been studied for
decades. Among these are the relationship of the endothe-
lium with the extracellular matrix, endothelial metabolism,
endothelia heterogeneity, the distinction between develop-
mental vessel formation and pathologic vessel formation,
the traditional experimental models such as the chick
chorioallantoic membrane and hamster cheek pouch, the
maintenance of vascular tone and the regulation of
microvascular hemodynamics, a long-term interest of Dr.
Shepro.

At the same time, there are a variety of new areas of
microvascular research that have burst onto the scenein just
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the last few years and these, too, are wonderfully repre-
sented in this volume. Among these are the role of ephrins
as signaling mediators in vascular cells, the ability of
zebrafish to function as model system for vascular biology,
the effect of mechanical signals on microvascular structure
and function, and the extraordinary new work on VEGF and
VEGF antagonists that is leading to important new treat-
ments for both cancer and for vascular diseases of the eye.

If there is a message that emanates from this book as a
wholeg, it is the concept that blood vessels have a crucial yet
differing role in the function of virtually every tissue and in
the pathogenesis of a host of diseases. No longer isit suffi-
cient to consider blood vessels as passive tubes that merely
carry nutrients to tissues. Rather the microvessels are a vital
part of every tissue that interact mechanically, biochemi-
cally and metabolically with the parenchymal cells of the
tissues they support. The communication is elaborate and
goes in both directions, from the vessels to tissue and vice
versa. |f you study the vasculature, you must look at it from
the context of the tissue in which it occurs. If you study any
specific tissue, you must understand its relationship with the
microvessels that inhabit it. Reading this volume allows a
new appreciation of these interactions.

It should be noted that Dr. D’ Amore began her career as
agraduate student in Dr. Shepro’s laboratory and is now one
of the leading investigators in the field of vascular biology.
Perhaps they didn't realize at the time that they would one
day put together a volume as definitive and thoughtful as
this one. One only hopes that there is a graduate student in
Dr. D’ Amore’s laboratory who can be counted on to update
this volume in ten or twenty years.

Bruce Zetter, Ph.D.

Charles Nowiszewski Professor of Cancer Biology
Children’s Hospital

Harvard Medical School

Boston, Massachusetts
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Rationale and Reader’s Guide

| can safely state that no one truly comprehends the phy-
siology and pathophysiology of the microvasculature. In a
large measure, thislessthan desirable state isthe result of an
explosion of new scientific data that creates paradoxically
[or maybe poetically] a concomitant explosion of ignorance.
But challenges enhance curiosity. Regardless how far scien-
tists understanding may be from the natural laws that
regulate microvessel functions, we share an incumbency
to accumulate and disseminate, by whatever means,
current new concepts based upon the latest tested inves-
tigations. Hence, the Biology and Pathology Microvascula-
ture Research in printed and electronic formats. As Lord
Florey once stated: “I do not think there is any sharp line
between physiology and experimental pathology,” hence the
subtitle.

In 1967, at a Boston conference the Microcirculation as
Related to Shock, (D. Shepro and G.P. Fulton, Eds. Acad.
Press, 1968) Robert Ebert, then dean of Harvard Medical
School, summarized the proceedings in his keynote address
that: “in shock all physiological parameters are disturbed
but if there is a common denominator it would be the
microcirculation.”

Endothelium is metabolically one of the most active
tissues in the body . . . probably second only to nervous
tissue. Microvessels bridge the subcellular to the cellular to
the organ to the system. The breaching of the microvascu-
lar barrier is part and parcel of every disease. An
inflammatory response, initially localized by microves-
sels, is frequently a persistent parameter of every dis-
ease. Hence, whatever the therapeutic intervention,
continuous attenuation of this defense mechanism, when
awry, isrequired. As a closing but not a final argument, one
important current concept isthat there are specific microvas-
cular diseases that to a large extent are independent of
events in other parts of the cardiovascular system; e.g.
angina with patent coronary arteries, cardiac slow flow
states, long flight induced edema. Some scientists have
speculated that the first stage of all forms of dementiais a
breakdown of the blood brain barrier.

In the past, writers and publishers at some point had to
agree on an endpoint, regardless of the manuscript’s blem-
ishes, and submit what was on hand for publication. As the
“ink dried,” the accumulated responses from critics and
readers and new information would form the basis to kick-
off a new edition, more frequently than not, years after the
initial publication. Informatics technology, in al research
endeavors, adds a new dimension to publishing, namely
instant editing when the need arises, whether it be daily,
weekly, quarterly, biannually. Because the editors and pub-
lishers are mindful of the fact that the currency of each sci-
entific publication devaluates rapidly, the electronic version
of Microvascular Research will be updated frequently. If
“break throughs’ should occur, an epilogue can be added
immediately or reverse, obsolete “facts’ and speculations
that do not dovetail with new documented data can be
immediately deleted.

The readers will quickly note that each presentation is
limited to about 10-15 printed pages, unusual especially for
review articles, and with a limited annotated (author’s)
bibliography. This editorial decision is based upon the real-
ization that investigators are swamped with data and with
the new tools to share information, speed has become an
essential parameter. Global updating is so easily and readily
available that, less can be an advantage. Given the space
constraints, our contributors are challenged to provide the
readers with their best objective and subjective take on the
state of their sub-discipline. The redeeming fall-out of con-
densation is that lengthy introductions, redundant citations,
speculations beyond the call, are eliminated. The creative
sifting and contracting prior to submitting an article serves
as aneedle’s eye.

A Perspective on Historical Recordings

In keeping with the editorial consensus that brevity can
be avirtue and in light of the speed of scientific discoveries
[see Rationale], a classical account that chronologically
recapitulates microcirculatory milestones is not included in
the volume. Some readers will regard this decision as an
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intellectual miscalculation; that without a record of discov-
eries there is blinding ignorance. Yet, it is an accepted fact
of academia that recorders of events cannot prevent their
imaginations from dlipping into their “factual accounts.”
The noted historian Pieter Geyl states “history is an argu-
ment without end”. For example: Who was the first to
posit the existence of capillaries and their connecting role:
Erisistratus? Galen? Malpighi? Harvey? Leeuwenhoek?
Boerhaave? Henle? The winner of the paternity title will
go to the histiographer of your choice. Fortunately, a wealth
of microcirculatory data are readily available in paper and
electronic format, which lessens the need for such a chapter
in the Encyclopedia. However, to accent the editors' recog-
nition and appreciation of history, an illustration may pro-
vide the wherewithal to unravel one scientific puzzle in the
history of microvascular research.

Why did it take over a century for scientists to appreciate
the heterogeneity and high metabolic activity of the ubiqui-
tous endothelial cell [not to mention the pericyte]? Elie
Metchnikoff (1883), at the Pasteur Institute, in describing
his new theory on inflammation that laid the foundation for
the modern concept of this defense mechanism, stated:

“Movement [contractility] of endothelial cells plays an
important role in the formation of stomata during inflamma-
tion as Klebs thought and as | imagined and stated in my
first paper on inflammation.”

Another Nobel laureate, August Krogh, described and
illustrated endothelial cell motility in “The Anatomy and
Physiology of Capillaries’ [1922], the publication of his
Sterling Lectures given at Yale University. Although both
works are highly quoted, the scientific concepts that
they embrace were virtually ignored in endothelial research
until a scant 30 years ago. In 1966, the laureate Lord
Florey, in his address entitled, “The Endothelial Cell”,
honoring the noted pathologist Sir Roy Cameron, spoke
exclusively on the morphology of these cells. Presciently,
he concluded that his was an interim report and “I should
expect to see in the next ten years a rich harvest of new
[functional] knowledge. . . .”

Again the question—why the achievements of three lau-
reates, whose collective contributions significantly codified
microvascular biology, were largely ignored? One explana-
tion certainly can be argued on the importance of technology
over imagination; that in the life sciences technology has
always played a dominant role (review the history of the
microscope) in contrast to Newton's and Einstein’s science,
where imagination was dominant. In other words, the tech-
nology for accurately profiling mural cells was unavailable.
But in this scientific teaser | believe the answer lies in
the incandescence of another stellar scientist, Earnest H.
Starling, whose hypothesis on fluid transport still remains a
major physiological principal. But for years this monumen-
tal work may have put blinders on investigators regarding
the true nature of the microvascular wall. The Starling quo-
tation in part supports this opinion:

“We have no sufficient evidence to conclude that endothelial
cells of capillary walls take any part in the formation of
lymph” [1896]

The elegance of Starling’s hypothesis and research on
filtration was so convincing that for decades microvascular
physiologists devoted their efforts, for the most part, to fine
tuning his formula. | hasten to add that this opinion does
not diminish Starling’s achievements and legacy an iota
Newton’s unique contributions were eventually and cor-
rectly chalenged and even the theories of Einstein, the
genius of the 20" century, are now under scrutiny.

| would add one very personal speculation (achronicler’'s
prerogative) that might explain why Starling ignored other
scientific data that could have affected his unilateral view of
the microvessel wall as a passive barrier. Notwithstanding
their correspondence on science and other matters, Starling
did not appear to appreciate Krogh's experimental data. My
perception is that he viewed Krogh asajunior level scientist
and | “imagine” he was a tad jealous of his Danish col-
league’s talents.

In summary, | respectfully suggest to those who are inter-
ested in the historical analysis of microcirculation to select
the format that best matches their interest. The chronologi-
cal approach is the most common and of course should
include examples from ancient oriental cultures as well as
those from western civilization. Another choice would be to
select the superstars of different eras. For example, Andreas
Vesalius's “De Humani Corporis Fabrica” could be the
starting point of modern science since this publication
marked the deathknell for skewing scientific datato comply
with authority (Aristotle; Galen). Vesalius's work was based
on careful observations. Would there have been a Harvey
[17 century] without a Versalius [16 century]? Advances in
technology, such as the history of the microscope, can aso
be an artful approach to chronicle advances in microcircul a-
tory knowledge. Whatever your choice, the endpoint will be
similar.
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CHAPTER 1

Endothein in the Microvasculature

M atthias Barton
University of Zurich School of Medicine, Medical Paliclinic, Department of Medicine, University Hospital Zurich, Switzerland

Introduction

Vascular activity of a peptide secreted from endothelial
cellswas discovered in the mid-1980s. In 1988, Yanagisawa
and collegues published the sequencences of the gene and
the peptide, which belongs to a peptide family structurally
related to vasoconstrictor snake venoms. According to their
cellular origin, the peptides were named endothelins. The
predominant isoform, endothelin-1, is the most potent vaso-
constrictor known and also promotes cell growth through-
out the cardiovascular system. Endothelin is synthesized
from its inactive precursor, big-endothelin, by endothelin-
converting enzymes and other peptidases, and in mammals
signal transduction is mediated through activation of two
G-protein-coupled endothelin receptors. The endothelin
system is activated in conditions associated with vascular
injury and disease. This chapter discusses the role of endo-
thelin in the microvasculature for some of the clinicaly
most prevalent entities, atherogenesis, inflammation, and
cancer development.

Endothelins. Vasoactive Peptides

After the discovery of endothelium-derived relaxing fac-
tor, later identified as nitric oxide [1], the vascular activity
of apeptide secreted from endothelial cells was described in
the mid-1980s[1,2]. In 1988, the gene sequencence of a 21-
amino acid protein was identified [3] and found to be struc-
turally similar to snake venoms, the sarafatoxins. The
protein was named endothelin based on its cellular origin,
and it soon turned out that three functionally different iso-
forms exist [4]. In the late 1990s, additional endothelin iso-
forms consisting of 31 and 32 amino acids were discovered

[5, 6]. The predominant isoform of the endothelin peptide
family, endothelin-1,_,,, is the most potent vasoconstrictor
known in terms of duration of action and potency and also
stimulates cell growth throughout the cardiovascular sys-
tem. In the vasculature, endothelin is synthesized from its
inactive precursor, big-endothelin, by endothelin-converting
enzymes and other peptidases (Figure 1). In mammals,
endothelin signaling is mediated through activation of two
high-affinity, G-protein-coupled endothelin receptors [5, 6].
Endothelin ET , receptors predominantly promote vasocon-
striction and growth, whereas activation of the ETg recep-
tor—which is highly expressed in endothelial cells—is
mainly coupled to the release of the vasodilators and growth
inhibitors nitric oxide and prostacyclin [5]. ET, receptors
preferably bind endothelin-1, whereas the ETg receptor
binds all three isoforms with equal affinity.

Regulatory Role of Endothelin for
Microvascular Function

Expression of endothelin receptors in the microvascula-
ture differs from the expressional pattern observed in larger
vessels. Specifically, the endothelin ET, receptor—which
is rarely detected in macrovascular endothelial cells—is
expressed in microvascular endothelium. Microvascular
endothelial cells are aso structuraly different from
endothelial cellsin other parts of the vascular tree. They dif-
fer in terms of abundency of cytoskeleton stress fibers,
metabolic activity, and number of tight junctions [7]. Also,
microvascular endothelial cells contain morevesicles. These
cell organelles play a central role for endothelin synthesis:
Endothelin-converting enzyme-2 protein expression is
localized to endothelial cell vesicles, structures that store

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 Biosynthesis and multiple functions of endothelin-1;, ,;, in the cardiovas-
cular system. Preproendothelin-1 messenger RNA is translated into preproendothelin-1, a 203
amino acid peptide, which is further cleaved by furin convertases to the inactive precursor,
big-endothelin-1,_sq). Several enzymes, including endothelin-converting enzymes (ECE), cleave
big-endothelin-1 to the active 21-amino acid peptide, endothelin-1. ECE, endothelin-converting
enzyme; SEP, secreted soluble endopeptidase; VSMC, vascular smooth muscle cell; ROS, reac-
tive oxygen species; ET,, endothelin ET, receptor; ETg, endothelin ETg receptor. Reproduced

from reference [5] with permission.

and release mature endothelin-1 upon stimulation. In vitro
work suggests that endothelin also has important functions
for capillary formation under normal and pathological con-
ditions. Furthermore, endothelin-1 leads to activation of
cytokinesin circulating blood cells and aso in resident cells
such as endothelial cells or vascular smooth muscle. This
activation includes induction of interleukin-6, nuclear factor
kappa B, and C-reactive protein, effects that in turn can be
enhanced by other cytokines under certain conditions. Thus,
inflammatory changes and subsequent increases in vascular
permeability are key factors determining microvascular
injury mediated by endogenous endothelin-1.

Endothelin and the Microvasculature in Disease

Carcinogenesis and Angiogenesis

Autocrine endothelin receptor signaling controls growth
of different types of tumor cells, including ovarian cancer
melanoma, Kaposi sarcoma, colon carcinoma, prostate can-
cer, and bone metastases of tumors [8]. In most cancer cells,
growth responses involve activation of ET, receptors. In
addition, angiogenesis provides an important means to
increase blood supply of the tumor growth and metastasis.

Proliferation and wound healing of endothelial cellsis medi-
ated by ETg receptors. Therefore, endothelin-1 via ETg
receptors may act as an angiogenic peptide, providing addi-
tional avenues for cancer cells to increase blood supply and
disseminate. By controlling expression of vascular endothe-
lial cell growth factor (VEGF) in an autocrine fashion,
endothelin-1 also acts as an important inducer of angiogen-
esis, thereby stimulating tumor cell proliferation. In conse-
quence, endothelin-1 can be considered an essential factor
for tumor growth, neovascularization, and metastasis. ET,
receptor blockade has been shown to inhibit tumor growth
directly and to exert antiangiogenic effects by inhibiting
VEGF production and by acting on vascular smooth muscle
cell and on microvascular channels lined by tumor cells
(Figure 2). Moreover, because ET , receptors are expressed
by microvascular endothelial cells, inhibiton of these recep-
tors is likely to play a role for capillary formation and
growth aswell. It istherefore not surprising that targeting of
endothelin receptors currently appears to be a promising
new anticancer strategy.

Inflammation and Vascular Permeability

Hypoxia represents a strong stimulus inducing both tran-
scription and protein synthesis of endothelin-1. Moreover,
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Figure 2 Proposed Overview of the Possible Role of Endothelin Signaling in Tumor Angiogenesis. This process involves a
series of linked signaling pathways that typically begins with upregulation of the synthesis of angiogenic factors, such as ET-1
and VEGF, that are released by tumor cells. ET, receptor (ET,R) activation by ET-1 could promote angiogenesis by increasing
VEGF production through HIF-1-dependent mechanisms. ET-1 binds to specific ETg receptors (ETgR) on endothelial cellsand to
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blockade (ABT627) could exert antiangiogenic effects by inhibiting VEGF production and by acting on VSMC and on micro-
vascular channels lined by tumor cells. Another cascade of signaling events is then initiated, which leads to the formation of
new tumor vessels. Erk, extracellular signal-related kinase; ET-1, endothelin-1; Mek, mitogen-activated protein kinase kinase;
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thelial cell growth factor receptor. Reproduced from reference [8] with permission. (see color insert)

oxidative stress associated with reperfusion further in-
creases endothelin synthesis. There is now evidence sug-
gesting that endothelin-1 directly contributes to vascular
inflammation and microvascular permeability [9, 10].
Although the latter function is usualy attributed to media-
tors such as histamine or VEGF, endothelin may not only
contribute to tissue edema but aso induces rolling and
adherence of leukocytesto the capillary wall [11] (Figure 3).
This results in inflammation, blood hyperviscosity, and
microcirculatory stasis, leading to a substantial decrease in
microcircular O, extraction and cell dysfunction. These
changes can be prevented to a large extent by endothelin
receptor blockers targeting the ET, receptor, a treatment
that has been shown to substantially reduce microcircul atory
dysfunction in the myocardium [10, 12], brain [11], and
intestine. Activation of the microvascular endothelin system
and its direct and indirect effects are therefore responsible
for cell injury, particularly in conditions associated with
ischemia.

Atherosclerosis and Hyperchol esterolemia

Cardiovascular risk factors such as increases in blood
pressure, increased plasma levels of cholesterol or glucose,

or lack of female sex hormones—all of which accelerate the
development of atherosclerosis—result in activation of the
endothelin system in vitro and in vivo [5, 6]. Recently, sev-
eral studies have demonstrated that changes in microvas-
culature may importantly contribute to atherogenesis.
Experimental evidence from John Cooke's laboratory sug-
gests that enhancing angiogenesis may accelerate rather
than limit the atherosclerotic disease process. Elegant stud-
ies by Lerman and coworkers [10, 13] have investigated
some of the regulatory processes by which endothelin-
dependent microvascular changes may contribute to early
atherogenesis [13]. Even in the absence of structural injury,
hypercholesterolemia, one of the cardinal risk factors for
atherosclerosis, results in vascular inflammation, increased
microvascular permeability [10], and adventitial neovascu-
larization (Figure 5B). These alterations are associated with
induction of VEGF expression (Figure 5D). Interestingly,
increased microvascular permeability, adventitial neovascu-
larization, as well as VEGF expression can be fully pre-
vented by blocking ET, receptors [10, 13]. Similarly,
prevention of myocardial inflammation, infarction, and
fibrosis in atherosclerotic mice by endothelin ET, receptor
blockade has been demonstrated [12], and beneficial effects
on structural changes in mesenteric resistance vascul ature of



ParT | Basic Science

A —@— Control (n=8) t s
—— BQ 610 (n=1%)

20 1

Leukocytes [n* 100y m"‘min’l]
=)

0 -
30 -5 % 30 60 120 180
Time [min]
71 B —@— Conirol (n=8)
—O— BQ 610 (n=8)
6 -

Leukocytes [n*100pum *min”' |
L

30 -5 5 30 60 120 180
Time [min])

Figure 3 Role of Endothelin for Leukocyte-Endothelium Interactions in Gerbil Pial
Venules. Frequency of rolling (A) and firm adherent leukocytes at the vessel wall of pial
venules (B) in the absence (O) or presence (@) of the ET, antagonist BQ-610 before and
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cates time of ischemia. *p < 0.05 versus control. From reference [11] with permission.
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Figure 4 Vascular Permeability Measured by FITC-albumin in Guinea Pig Intestinal Submu-
cosal Microcirculation. Effects of histamine (HIST) or endothelin-1 (ET-1) in absence or presence
of treatment with antagonists of the ET, receptor (BQ-123, BQ), platelet-activating factor (WEB-
2086, WEB), or H, histamine receptors (diphenhydramine, H1). * p < 0.05 versus CON; T p < 0.05
versus ET-1. From reference [9] with permission.

Table!| Effects of atherosclerosis and endothelin ET 4 receptor blockade
with darusentan for 30 weeks on vascular structurein mesenteric resistance
arteriesin apolipoprotein E-deficient mice (apoE®) and wild-type controls
(C57BL 6/J) measured after treatement in isolated vesselsin a arteriograph
system in vitro under perfused and pressurized conditions.

Group C57 C57 + Darusentan apoE? ApoE? + Darusentan
Lumen diameter (um) 222+ 4 235+ 7 217+5 220+ 8
Intima-media thickness (um) 18.9+0.2 183+04 209+ 0.7* 17.0 + 0.4"
Intima-media CSA (x103um?) 14.3+0.2 13.9+05 15.6 + 0.6* 129+ 05"

ApoE®, apolipoprotein E deficient; C57, wild-type control; darusentan, ET, receptor antagonist (Knoll
LU135252); CSA, cross-sectional area; *P < 0.05 versus C57; TP < 0.05 versus apoEP. Modified from reference [15]
with permission.
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Figure 5A—C  Effects of normal diet (A), high-cholesterol diet alone (B), or in combi-
nation with endothelin ET, receptor antagonist treatment (C) on formation and spatial dis-
tribution of coronary vasa vasorum in pigs. Concomitant endothelin blockade essentially
prevented adventitial neovascularization. From reference [13] with permission.
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Figure 5D Coronary artery wall expression of VEGF protein in pigs after 12weeks of high-
cholesterol diet. Note that endothelin ET, receptor blockade (ET-A) fully prevented vascular
upregulation of VEGF induced by hypercholesteremia. N, normal diet; HC, high-cholesterol diet;
HC + ET-A, high-cholesterol diet and endothelin ET, receptor antagonist ABT-627. From refer-

ence [13] with permission.

mice with atherosclerosis have been reported (Tablel). It is
not known whether the microvascular changes described
mechanistically trandate into the inhibition of advanced
human-like atherosclerotic lesions observed after ET,
receptor blockade [14], but it islikely that anti-inflammatory
and antiangiogenic effects of endothelin blockade play an
essential role.
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CHAPTER 2

Control of Cell Motility by
the Cytoskeleton and
Extracellular Matrix

Amy Brock and Donald E. Ingber

Harvard Medical School and Children’s Hospital, Boston, Massachusetts

Introduction

Most past work in the area of angiogenesis and vascular
development has focused on the importance of cell growth
control. However, directional motility—the process by
which endothelia cells migrate in a spatially oriented man-
ner—is equally critical for tissue expansion and vascular
pattern formation. For example, angiogenic factors can
stimulate 2 millimeters of capillary outgrowth in normally
avascular tissues (e.g., cornea) under conditions in which
cell proliferation is inhibited; this occurs exclusively
through endothelial cell elongation and directed movement.
Repair of the endothelium after endarterectomy also
involves migration of large vessel endothelium, and failure
to reconstitute the continuous cell monolayer can lead to
thrombus formation and vessel occlusion. Thus, it is critical
that we unravel the mechanism by which local cues from the
cell microenvironment drive cell migration in order to
understand angiogenesis and other vascular disease pro-
cesses. But how do cells interpret, integrate, and respond
to information from their local environment and decide in
which direction to move? Thisisacomplex problemin light
of the fact that their environment contains multiple soluble,
insoluble, and mechanical stimuli that may provide conflict-
ing signalsto individual cells.

In this chapter, we review the current understanding of
how cells sense these local signals and choose a direction in
which to execute purposeful locomotion, with particular
focus on the role of the cytoskeleton and mechanical inter-
actions between cells and their extracellular matrix (ECM).

Insights into this mechanism have been made possible by
recent development of new microtechnologies and tools
that alow analysis of how microscale changes in phys-
ical parameters, such as ECM structure, topography, and
mechanical compliance, impact directional cell motility and
associated cytoskeletal signaling mechanisms.

Directional Motility

Directional cell migration on ECM s critical during al
phases of embryonic development. For example, neural
crest cells emigrate along a path defined by basement mem-
brane fibrils during development of the nervous system. The
ureteric bud epithelium migrates from the nephric duct
toward the metanephric mesenchyme to induce the forma-
tion of the adult kidney. Formation of the vascular system
follows a similar paradigm and is characterized by tandem
cell migration during angiogenesis and migration of cell
sheets during the expansion and repair of large vessels.

Angiogenesis relies on the tight control of endothelial
cell migration through the balance of angiogenesis inducers
and inhibitors. This dynamic, multistep process involves
retraction of pericytes from the ablumina surface of the
capillary, release of proteases that degrade the ECM sur-
rounding the preexisting vessels, and endothelial cell migra-
tion in the direction of an angiogenic stimulus that is
mediated by ongoing deposition (and degradation) of new
ECM components. This is followed by cell proliferation,
which facilitates further extension of the growing capillary

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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sprouts. Eventually, these structures locally slow down their
rate of ECM turnover, accumulate a basement membrane,
and reorganize into quiescent, hollow, capillary tubes.
Recruitment of pericytes and smooth muscle cells further
stabilizes these newly formed blood vessels.

In the adult, cell migration during angiogenesisis critical
for normal function of the female reproductive system as
well as wound healing and the immune response. Directed
cell movement is also afeature of the tissue remodeling that
occurs during postnatal developmental processes, such as
branching morphogenesis of the mammary epithelial ductal
system and elongation of the uretersin the rena system. In
the subventricular zone, an area of the brain containing neu-
ral stem cells, neurogenesis occurs throughout adulthood,
with the mgjority of these new neurons migrating anteriorly
into the olfactory bulb, traveling a distance of several mil-
limeters in a highly directed manner to reach their destina
tion. Thus, understanding of the mechanism by which
directional cell movement is controlled has important impli-
cations for many developmental systems.

Cell motility also is a central component of various
pathological conditions and as such may represent a com-
mon target for drug development. Tumor expansion requires
the proliferation and directional migration of endothelial
cells as blood vessels are recruited to supply a solid tumor
with oxygen. If this angiogenic process is inhibited, the
tumor must rely on preexisting blood vessels, and its growth
will be checked at a maximum size of approximately 1 to 2
millimeters in diameter because of diffusion limitations.
Metastatic tumor cells aso acquire the ability to migrate out
of the primary tumor into the vasculature and subsequently
invade a secondary location. In the vascular system, misdi-
rected endothelial cell migration is a key factor in vascular
anomalies, intimal hyperplasia secondary to endarterec-
tomy, and chronic inflammatory diseases such as arthritis
and atherosclerosis.

The Migratory Process

Migration isinitiated as a cellular response to chemotac-
tic gradients of soluble mitogens and haptotactic gradients
of insoluble adhesive (ECM) molecules in the loca
microenvironment. Cell movement is mediated by the
extension of thin, flat, membrane protrusions from the lead-
ing edge of the cell (Figure 1). These outward extending
membrane processes are filled with aloose network of actin
filaments and are known as lamellipodia; they are aso
sometimes referred to membrane ruffles when they are ori-
ented perpendicular to the plane of the adhesive substrate. In
some cells, formation of these membrane processes is
accompanied or preceded by extension of long, thin protru-
sionsfilled with rigidified (cross-linked) bundles of actin fil-
aments, known as filopodia, that act like moving cantilevers
or fingers that explore the surrounding substrate. In fact,
cells may extend and retract multiple filopodia and lamel-
lipodia as they explore their microenvironment, suggesting
that this process is a key regulatory event in directional
migration and pathfinding.

First identified as the primary organelles of cell motility
by Abercrombie in 1971, lamellipodia are sites of active
actin polymerization, and their formation requires the local
recruitment of a whole array of molecular components to
mediate cytoskeletal reorganization. These include actin fil-
ament nucleating factors such as Arp 2/3 and SCAR; fila-
ment depolymerizing proteins such as cofilin; barbed-end
capping proteins; and actin monomer binding factors such
as profilin. Filopodia also form as aresult of actin polymer-
ization; however, these filaments are cross-linked into long,
stiff bundles that can extend to up to tens of micrometersin
length.

Other key structural elements in migrating cells are the
adhesive contacts where the cells tightly attach to the under-
lying ECM. In migrating cells, the formation of these local
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Fi gurel Diagram of aMigratory Cell. As the attachment sites between the intracel lular cytoskeleton and the
extracellular matrix (ECM), focal adhesions (gray ovals) transmit cell tractional forces to the substrate. In migrat-
ing cells, the formation of these local adhesive structures behind the leading edge stabilizes the extension of actin-
based protrusions, such aslamellipodiaand filopodia. The thin, sheet-like lamellipodium is characterized by atight
network of actin filaments and may be accompanied or preceded by the extension of filopodia containing rigid,
cross-linked actin bundles. Forward motion requires direction extension of these processes from the leading edge,
aswell as exertion of cell tractional forces on the ECM substrate that help both propel the cell forward and release

the cell’s trailing adhesions.
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adhesive contacts, known as focal adhesions, at the leading
edge of the cell helps stabilize the actin-based membrane
protrusions. ECM regions beneath these spot weld-like focal
adhesions also act astraction sitesthat resist tensional forces
that are generated via actomyosin interactions in the
cytoskeleton. This buildup of isometric forces restructures
and stiffens the actin cytoskeleton behind the leading edge
of the cell, thereby providing a stable platform from which
the actin filaments that form filopodia and lamellipodia can
assemble.

Importantly, cells also must be able to exert tractional
forces and pull against their fixed ECM adhesions in order
to propel the cell body forward and produce purposeful
locomotion. During this process, the cell must generate
enough motive force to overcome the resistance of the stiff-
ness of its own cytoskeleton and of the ECM adhesions at its
trailing edge (Figure 1). The extension of lamellipodia and
the formation of new adhesions at the leading edge must
also be spatially and temporally coordinated with detach-
ment of adhesionsin the trailing edge and release of the tail
to result in net forward movement of the entire cell.

Control of Matility by ECM

It is well known that ECM plays a centra role in
microenvironmental control of cell motility based on its
ability to chemically mediate cell adhesion. In addition, cap-
illary endothelial cells must increase ECM degradation to
initiate cell outgrowth and also must maintain ongoing ECM
synthesis and deposition to sustain progressive cell migra-
tion during both angiogenesis and healing of large vessel
endothelial monolayers. Importantly, recent work has re-
vealed that the physical properties of the ECM, including its
surface topography and mechanical compliance, also can
significantly impact cell movement.

Compared with cells on rigid ECM substrates, cells on
flexible substrates coated with the same ECM protein dis-
play increased rates of both lamellipodial activity (protru-
sion and retraction) and locomotion. Cells also prefer to
move from regions of low to high mechanical rigidity. In
addition, they move faster along edges of adhesives surfaces
than in their central regions, and along microengineered
grooves or thin lines than on flat ECM substrates. Further-
more, when individual cells are constrained to polygonal
ECM-coated adhesive islands with angular edges (e.g.,
sguares, triangles, pentagons, hexagons, trapezoids), they
preferentially extend lamellipodia and filopodia from their
corners. Thus, cells apparently can sense micrometer-scale
changes in topography and subtle alterations in ECM
mechanics, and they respond by changing both their
cytoskeleton and migratory behavior. This knowledge could
have important implications for engineering of artificial
matrices for tissue engineering applications.

Studies of endothelia cell clusters cultured in a three-
dimensional collagen gel have demonstrated directly that
force application can promote capillary outgrowth. These

experiments also showed that matrix-transduced tensional
forces in stretched collagen gels are sufficient to control
directional outgrowth as the growing capillaries extend
along the tension field lines that stretch between neighbor-
ing cells. Part of this response is based on the ability of the
outgrowing endothelial cells to sense and respond to the
direction of ECM fibrils that become aligned by the cell-
generated forces.

The mechanism by which changes in ECM mechanics
influence cell motility is less clear, largely because it has
been difficult to study this process until recent years. Quali-
tative analysis of the traction forces exerted by migrating
cells was first carried out by observing the pattern of wrin-
kles produced by fibroblasts cultured on deformable sub-
strates (e.g., fibrin clots, collagen gels, silicon rubber
substrates). Since that time, increasingly sophisticated
methodologies have improved the quantification and spa-
tiotemporal resolution of cell-based forces. For example,
polyacrylamide gels with different degrees of cross-linking
now allow substrate stiffness to be varied as an independent
parameter in cell culture studies. The added use of fluores-
cent microbeads embedded in the gels as fiducial markers
permits the direct quantitation of traction forces that are
exerted by adherent cells. Combination of this method of
“traction force microscopy” with micropatterning tech-
nigques also has alowed control of the position where cells
exert these tractional forces, as well as analysis of the
impact of varying this position on cell behavior.

These techniques have generated new and sometimes
surprising insights. For example, it has recently been
demonstrated that the small nascent focal adhesion com-
plexes at the leading edge of a cell can exert stronger trac-
tion forces than larger, more mature focal adhesion plaques.
In individual cells that are physically constrained to single
square ECM adhesive islands, the localized distribution of
focal adhesions corresponds precisely to the corner regions
where the cell exerts greatest tractional forces on the sub-
strate, deposits ECM (fibronectin) fibrils, and extends new
migratory processes (lamellipodia and filopodia). Moreover,
lamellipodia extension can be inhibited by dissipating
cytoskeletal tension generation.

Biochemical Signaling Mechanisms

Over the past decade, great advances have been made in
our understanding of the chemical factors that drive cell
motility, as well as the biochemical signaling cascades that
mediate cellular responses, as described in several excellent
recent reviews (see Bibliography). In particular, the Rho
family of small GTPases, consisting of Rho, Rac, and
Cdc42, have been shown to regulate signal transduction
pathways that link extracellular signals through membrane
receptors to changes in cytoskeletal structure and organiza-
tion that drive cell locomotion. For instance, in 1992, Hall
and coworkers demonstrated that constitutively active
(GTPase-deficient) mutants of Rac induce lamellipodia
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assembly in fibroblasts, whereas active Rho and Cdc42
mutants promote formation of stress fibers and filopodia,
respectively. Similar effects have been observed in various
endothelial cells aswell.

In fact, Rac has been found to be essential for the migra-
tion of all cells examined thus far. Studies in macrophage,
for example, have demonstrated that downregulation of Rac
activity stalls cell migration while downregulation of Cdc42
renders cells unresponsive to the direction of a chemotactic
gradient, causing them instead to move via a random walk.
Studies utilizing fluorescence resonance energy transfer
(FRET) microscopy have revealed that while Rac protein is
distributed homogeneously throughout migratory fibrob-
lasts, the active GTP-bound form is localized to the leading
edge of the cell. Rac and Cdc42 may therefore act locally
to govern where actin polymerization is activated at the
periphery of the cell.

Analysis of Rho GTPase signaling has revealed a vast
array of downstream effector proteins (at least 60 at present)
that regulate many different cell processes. Rac is activated
by guanine nucleotide exchange factors (GEFs) such as
Trio, Vav, and Sos-1 and repressed by GTPase-activating
proteins (GAPs) such as chimerin. Several factors down-
stream of Rac act on cytoskeletal structure and other aspects
of cell migration. Perhaps the best characterized of these
effectors is p21-activated kinase (Pak), a serine/threonine
kinasethat is activated upon binding to the GTP-bound form
of Rac or Cdc42. Pak provides adirect link from Rac to cell
motility through phosphorylation and activation of LIM
kinase, which phosphorylates and represses the actin
depolymerizing factor, cofilin. Pak may also regulate cell
traction forces by promoting myosin light-chain phosphory-
lation and increasing cytoskeletal contractility, although
these results have been controversial and may depend on the
cell type examined.

The Rho GTPases also impact directional migration
through the regulation of focal adhesion dynamics. In
migrating cells, Rac is required for the formation of new
focal adhesion complexes at the leading edge of the cell,
whereas Rho is essential for the maturation of these nascent
adhesive contacts into fully developed focal adhesions. Rac
may regulate adhesion turnover indirectly by antagonizing
Rho through its downstream effector Pak1, which localizes
to focal adhesions upon activation. The mechanism by
which Pak1 regulates adhesion dynamicsis not yet clear but
may involve the action of LIM kinase or the phosphoryla-
tion of myosin light chain.

Mechanical Signaling Mechanisms

But how do changesin ECM mechanics or in the level of
tractional forces cells exert on their focal adhesions influ-
ence cell motility? Focal adhesions are critical to the migra-
tory process because they are sites of attachment between
the ECM, transmembrane adhesion receptors (known as
integrins), and the actin cytoskeleton, which stabilize lamel-

lipodia and transmit propulsive forces. In addition, the
cytoskeletal backbone of the focal adhesion acts as an ori-
enting scaffold for avast array of signaling molecules. They
also are sites where the mechanical and biochemical signals
that regulate cell migration are integrated inside the cell.

The temporal and spatial organization of focal adhesion
assembly is only partially understood; nevertheless, it is
clear that physical forces significantly impact this process.
The application of force to newly formed integrin-
cytoskeleton linkages promotes additional focal adhesion
assembly, and hence mechanically reinforces the connec-
tion, by inducing force-dependent signaling events inside
the cell. For example, cytoskeletal tension exerted on the
ECM via new adhesion sites results in the maturation of
small nascent adhesive contacts (“focal adhesion com-
plexes’) into larger, more highly organized anchoring struc-
tures (classic “focal adhesions’). The earliest events in the
assembly process include activation of receptor and nonre-
ceptor tyrosine phosphatases, and the subsequent sequential
recruitment of talin and paxillin, followed by slower recruit-
ment of vinculin and FAK. The presence of tensin and zyxin
may indicate a late stage of adhesion assembly or atransi-
tion to a different type of adhesion site that assembles only
after the leading edge has stabilized.

To date, more than 50 different signaling molecules have
been reported to be associated with focal adhesion sites, and
further investigation into the functional consequences of
this molecular heterogeneity is ongoing. In addition, the
dynamic aspect of adhesion assembly and disassembly will
need to be examined in the future. The lifetime of an adhe-
sionison the order of tens of minutes, whereas the exchange
rates of itsindividual structural components appear to be on
the order of seconds to minutes. The local mechanical com-
pliance of the ECM also may spatially regulate the strength,
size, number, and molecular composition of the cell-ECM
adhesions, and thus it may be a major source of spatial het-
erogeneity in adhesion complexes. For example, treatment
of cellswith HL-7 to inhibit actomyosin contractility results
in the rapid loss of phosphotyorosine from focal adhesions,
followed by disassembly of the complex on a slower time
scale. These findings suggest that tension applied through
the actomyosin system may trigger local tyrosine phospho-
rylation eventsthat are required for the subsequent assembly
of adhesion complexes.

Micromanipulation studies utilizing magnetic or optical
micromanipulation techniques have unequivocally demon-
strated that changes in the balance of forces transmitted
across cell surface integrins play a key role in organization
of thefocal adhesions that mediate cell motility. Application
of physical stresses to integrins results in the recruitment of
focal adhesion proteins, actin filaments, signaling mole-
cules, and mRNA to the site of force application. Focal
adhesions also respond rapidly to mechanical perturbations
and may actively regulate their dynamics to control their
strength, size, and spatial distribution. For example, appli-
cation of fluid shear stresses to the apical membranes of
confluent endothelium results in almost immediate focal
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adhesion remodeling at the cell base, with preferential addi-
tion of new components in the direction of the applied
stress.

It is now clear that directed motility within developing
tissues, such as vascular networks, is controlled by local
changes in cellular force balance. Mechanical perturbation
of tissues or their underlying ECM results in the transmis-
sion of forces across integrin receptors, restructuring of the
CSK, and activation of various signal transduction cascades
in aforce-dependent manner. Recent work in Drosophilahas
confirmed that the migratory motion of cell layers similarly
generates mechanical forces that shape the digestive tract.
During development of this tissue, movements of the poste-
rior and anterior mesoderm cells compress neighboring stro-
modeal precursor cells. This mechanical stressresultsin the
translocation of Armadillo transcription factor to the
nucleus, where it upregulates expression of Twist, a gene
required for invagination of the stromodeum. In cells
expressing a mutant form of Twist, these events can be
rescued by the application of an external mechanical
force (using a micropipette). Thus, mechanical force per
se clearly can impact cell migration in a developmentally
relevant way.

Future Directions

A great deal is known about the signaling molecules that
invoke the motile response, but the mechanism by which
this response becomes spatially localized within the cell to
determine the site where motile structures, such as lamel-
lipodia and filopodia, are generated is less well character-
ized. Future work in this area will rely on advances in
imaging technology and new probes to permit the real-time
visualization of activated states of signaling molecules with
improved spatial resolution. As directional migration also
requires the integration of microenvironmental information,
including ECM composition, topography, and mechanics,
systems that maintain or reproduce these parametersin vitro
will greatly facilitate future study of migration within the
physical and spatial context in which it normally proceeds.

Glossary

Cytoskeleton: the network of protein filaments in the cytoplasm of
eukaryotic cells that gives the cell shape, guidesintracellular transport, and

coordinates its movement and growth. Its most abundant components are
actin microfilaments, microtubules, and intermediate filaments.

Focal adhesion: the localized, spot weld-like attachment site between
the cytoskeleton and extracellular matrix that anchors the cell to its
adhesive substrate. Attachment is mediated by tightly clustered, transmem-
brane integrin receptors and a variety of structural and signaling protein
components.

Lamellipodia: flat, sheet-like, membrane protrusions supported by an
intracellular meshwork of actin filaments that are extended outward at the
leading edge of amigrating cell.
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Introduction

Capillary Basement Membrane
Morphometry Defined

Morphometry is a precise method of measurement that
employs conventional morphological methods to estimate
the physical dimensions of an unbiased population of bio-
logical structures. The structures may be quite large and vis-
ible to the naked eye or they may be small and require
substantial magnification. In order to measure capillary
basement membranes (CBM ), transmission electron micro-
scopic (TEM) methods are applied to tissue samples. The
samples must be selected without bias and carefully pre-
pared, accurately measured, corrected for plane of section,
and statistically analyzed to provide a faithful numerical
description of the measured CBM population.

Historical Background

Basement membranes (BMs) were identified first in the
mid-19th century. They were described as homogeneous and
sometimes fibrillar extracellular sheets that supported the
digestive and respiratory systems, and as continuous matrix
barriers between mucous membranes and their underlying
capillaries. These remarkably accurate accounts formed the
bases of textbook descriptions of BMsuntil the 1950s, when
the advent of TEM provided substantially increased image
resolution of biological samples.

Subsequent TEM studies coupled with the development
of new methods to isolate BMs led to biochemical and
immunochemical analyses, which showed that BMs were

comprised largely of collagen, noncollagenous glycopro-
teins, and proteoglycans assembled in a network that
resulted in the electron-dense layer (basal lamina) imaged
by TEM [1]. Studies of isolated BMs substantially increased
our understanding of the production, assembly, and degra-
dation of their molecular components. Importantly, it was
shown that although most BMs comprised similar molecu-
lar subunits, they were not identical, and a nonunitary con-
cept of BM composition was generally adopted.

BMs also varied widely in their location and morpholog-
ical presentation, including width (thickness). Some (e.g.,
the lens capsule and Descemet’s membrane in the eye) were
extremely thick and could be removed from their underlying
tissues with a dissecting microscope. Others, including
those of most blood capillaries, were very thin and could not
be imaged clearly by light microscopic (LM) techniques. It
is now recognized that regardiess of location and width,
TEM techniques are required to provide adequate images
for accurate BM measurements, and this is especially true
for the microvasculature where CBMs are particularly
narrow.

Although BMs exhibit slow turnover rates, they are
nevertheless dynamic structures, and their thickness is
altered with age, physiological state, or pathological envi-
ronment. For example, many microvascular BMs are thick-
ened in diabetes mellitus, leading to renal, retinal, and
neurological disorders. Interestingly, BMs of nonvascular
tissues (e.g., renal tubules) also show thickness increases in
diabetes. Accordingly, it is believed that although BMs from
various tissue types are differentially thickened during nor-
mal aging or in disease states, the mechanisms leading to
such thickening may be similar.

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Because CBM thickness is widely regarded as a bio-
marker for aging and a hallmark for chronic complications
of diabetes, numerous studies have centered on this param-
eter. The purpose of this chapter isto provide the reader with
background information regarding the morphological het-
erogeneity of CBMss, and specifically with some methods by
which their thickness may be accurately measured.

Ultrastructural Definitions

Basement Membranes

BMswerefirst defined by LM as extracellular layers sub-
jacent to epithelia. Because the practical limit of LM reso-
lution is approximately 0.2um, these BMs necessarily
included considerable quantities of stained ground sub-
stance and reticular (small collagen) fibersin addition to the
narrow (~100nm) electron-dense basal lamina of TEM.
Nevertheless, these early descriptions were accurate, and
subsequent TEM studies confirmed their histological loca-
tions and demonstrated that basal laminae consistently co-
localized with BMs described by LM.

Subsequently, the term BM was taken over by the elec-
tron microscopists, who widened the definition considerably
to include a ubiquitous network of basal laminae always
closely associated with cell surfaces. Moreover, BMs and
basal laminae became synonymous terms for extracellular
membranes that formed physical boundaries for alarge and
uncompartmented connective tissue space. BMs separated
the space from nonconnective tissue cell types including
epithelia, muscle, and nerve, while connective tissue cells
(except adipocytes) were free in the tissue space uncovered
by BMs. TEM also provided substantial substructural BM
detail, including three distinct layers not recognizable by
LM. These included a central, dense layer (lamina densa)
flanked by two layers that were more electron-lucent (lami-
naerarae).

Capillary Basement Membranes

TEM analyses of many tissues show that al capillaries
are surrounded by CBM s that closely subtend their endothe-
lial cell layers. Simple capillaries are surrounded by BMs
(basal laminae) composed of a central lamina densa sepa-
rated from the endothelium by a lamina rara (Figure 1a).
Capillaries decorated by perivascular cells (pericytes) are
more complex. As in simple capillaries, basal laminae sur-
round the endothelium, but they often split to enclose one or
more pericytes as well. In these, CBMs separate endothelial
cells from the connective tissue space and subendothelial
BMs shared by perictyes, and endothelial cells often fill the
narrow space between them (Figures 1b, 1c and 2).

Even more structural sophistication is demonstrated by
renal glomerular capillaries, pulmonary aveolar capillaries,
and capillaries of the central nervous system (including the
retina). In these, both CBM surfaces are demarcated by cell

Figurel Transmission electron micrographs of sections through capil-
laries. (A) Simple capillary from rat skeletal muscle. A continuous capillary
basement membrane (CBM) subtends the endothelium (E) and separates it
from the connective tissue space. (B) Bovine skeletal muscle capillary sur-
rounded by basement membrane (CBM) and decorated by pericytes (P). A
shared basement membrane (arrows) separates pericytes from the endothe-
lium. RBC, red blood cell, (c) Rat retinal capillary near the vitreo-retinal
border. A pericyte (P) shares the basement membrane (CBM) with the
endothelium for nearly half of the capillary circumference.

membranes. In the kidney, glomerular BMs are flanked by
capillary endothelial cells and podocytes; in the lung, pul-
monary aveolar BMs intervene between capillary endothe-
lium and the alveolar epithelium, and in the CNS (retina),
CBMs are sandwiched between endothelia and glia
(Mdiller) cells in a highly complex microvasculature that
often includes single or multiple layers of perictyes (Figures
1c and 2).

With these structural complexities, an important question
relates to the definition of CBM. In this regard, most inves-
tigators consider the CBM as the BM subjacent to the capil-
lary endothelium, regardless of whether it is shared by other
cell types.

CBMs have membranous or sheet-like shapes and are
relatively narrow in one dimension (width) compared to the
other two (ared). Although both dimensions are subject
to changes that may have physiological or pathological
significance, width (thickness) is by far the simplest to
estimate. Accordingly, investigators have applied various
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Figure 2 Transmission electron micrograph of section through com-
plex bovine retinal capillary surrounded by numerous pericytes (P). Capil-
lary basement membrane (arrows) surrounds the endothelium and often is
shared by pericytes. Within the lumen are a red blood cell (RBC) and a
granulocyte (Gc). Nu, endothelial cell nucleus.

morphometric techniques in an effort to determine BM
thickness in normal and diseased tissues.

Capillary Basement Membrane Thickness
in Health and Disease

TEM studies of CBMs in humans and other vertebrates
show that regardless of animal age or health, they are con-
tinuous along the length of the microvessel and closely
adhere to their parent cell types as described previously.
CBM thickness, however, is widely variable within and
between tissue types both in health and disease.

It is now clear that in many tissues, CBM thicknessis a
normal function of age and is considered a biomarker for
aging. However, thickness increases with age are not seenin
all tissues and all animal models, and few rigorous studies
have been carried out to address this issue. Nevertheless,
most investigators believe modest increases in CBM thick-
ness are a normal age-related process. In certain disease
states, however, CBM thickening is excessive and is consid-
ered adiagnostic hallmark. Thisis especialy truein chronic
stages of diabetes mellitus where most CBM s are thickened,
and glomerular and retinal CBMs show remarkable thick-
ness increases in humans and animal models of the disease
[2]. Infact, it isfair to say that most CBM thickness studies
have been carried out in diabetics in an effort to identify
possible patterns that could point to potential molecular reg-
ulators of BM thickening. Of these investigations, a large
percentage has focused on capillaries in the retina and renal
glomerulus, where their diabetic sequelae often lead to reti-
nal degeneration and blindness and/or renal decompensation
and death. Moreover, because diabetes often has been cited
as a disease of premature aging, recent studies have sought
metabolic mechanisms that might possibly explain both

normal, benign, age-related CBM thickness increases as
well as those of diabetic BM disease.

Several mechanisms are implicated in the pathogenesis
of microangiopathy leading to diabetic CBM thickening.
These have been reviewed recently [3] and include hyper-
glycemia-induced increases in Type IV collagen synthesis,
decreased expression of matrix metalloproteinases (MM P-2
and 3), and increased tissue inhibitors of metalloproteinase
(TIMP). Vascular endothelial growth factor (VEGF) also
may be involved because treatment with anti-VEGF anti-
bodies reduces glomerular BM thickening. Also, oxygen
radical S/oxidative stress and advanced glycation end prod-
ucts (AGES) may play a role because aminoguanidine
(which inhibits AGE formation, but also has antioxidant
properties) attenuates diabetic nephropathy. In addition, the
polyol enzymatic pathway is stimulated by hyperglycemia
and has been implicated in the chronic sequelae of diabetes.
In this regard, hyperpermeability is an early feature of dia-
betic microangiopathy and is reduced by adose reductase
inhibitors. Because hyperglycemia apparently increases the
generation of reactive oxygen species (ROS), activates
aldose reductase, and induces AGE-formation, it has been
postulated that ROS production may represent a common
underlying element in several pathways leading to diabetic
microvascular damage, including increased CBM thickness.

Clearly, CBM thickness is an important parameter in a
wide variety of biological and medical investigations. More-
over, because thickness changes necessarily ater CBM
functional capacities, it is important to accurately measure
their physical dimensions in order to identify patterns of
change that might offer insights into molecular mechanisms
regulating their form and function.

Capillary Basement Membrane
Morphometric Methods

The goa of any morphometric study is to produce a
numerical description that is as faithful as possible to the
object described. This requires close attention to severa
techniques that potentially could bias the outcome.

Data Sampling

Whenever structural data are sought, a very important
question regards sampling procedures. This begins at the
level of selecting patients or animals for study, and rules for
independent sampling must be strictly obeyed. If bias is
introduced at any of the sampling levels (e.g., populations of
patients or animals, blocks of tissue, visua fields, sites of
measurement), then the study will be flawed and of no
value. For example, with some CBM measuring techniques,
it isessential that tissue sections be cut perpendicular to the
long axis of the capillary. Unfortunately, this has not been
closely monitored in many studies, which may explain con-
flicting data derived from different laboratories.
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Tissue Collection and Preparation

Because CBM morphometry requires resolution at the
level of ultrastructure, careful TEM techniques must be
employed to consistently prepare the tissue for observation
[2]. In this regard, whenever possible it is most appropriate
to fix the tissue by intravascular perfusion. This should be
done as quickly as possible following anesthesia and should
include freshly prepared buffered fixatives. Tissues should
be harvested and minced quickly, post-fixed in buffered
0s0O,, and further dehydrated before embedding. A blinded
(unbiased) method should be employed for choosing cured
tissue blocks for sectioning. Also, the technical person
responsible for generating sections, making electron micro-
graphs, and measuring CBMs should be unaware of the
source of the tissue.

Regardless of the method utilized for CBM measure-
ment, it is advantageous to make ultrathin sections that are
normal to the long axis of capillaries. Inthisregard, it is pos-
sible to embed some tissues (e.g., peripheral nerve, skeletal
muscle, retina, ocular choriocapillaris) in epoxy blocks so
that most of its microvessels are oriented perpendicular to
the cutting surface. For others, however (e.g., kidney, lung,
pancreas), this is not possible, and they must be sectioned
randomly. Nevertheless, an effort at perpendicularity should
be made by cutting thick (1um) sections first to determine
tissue orientation and position by LM before proceeding
with ultramicrotomy.

Microscopy and Micrography

As an initial preparatory step, the TEM should be stabi-
lized (constant beam current) and calibrated using a stan-
dard cross-grating grid (e.g., 2,160 lines/inch) photographed
under the same conditions and magnification used for the
tissue sections.

Before CBM micrography is carried out, care must be
taken to randomize visual fields selected for TEM. Consis-
tency is critical in this regard, and whatever methods are
chosen to eliminate selection bias should be applied rigor-
oudly to al sections. For example, for selecting skeleta
muscle CBMs, it might be decided to utilize only those grid
squares that are completely filled with tissue and only those
in which the capillaries are cut primarily in cross section
(i.e., where they are circular or only dlightly elliptical).

Either TEM photomicrographs or digital images may
be utilized for ultrastructural morphometry, but regardless
of the mode chosen, al parameters (e.g., TEM and
enlarger magnifications) must remain constant throughout
the study.

Measuring Capillary Basement Membranes

Irrespective of the method used to physically measure
CBMs, a most important point regards randomization of
measurement sites. A clear plastic grid is helpful in this

Figure 3 Transmission electron micrograph of renal glomerulus super-
imposed with a sampling grid. Perpendicular measurements are made at
points where the grid intersects with the endothelium. Pc, podocyte; E,
endothelium; GBM, glomerular basement membrane; US, urinary space.

process (Figure 3). It can be superimposed on the photo-
graphic paper during the enlarging procedure [4], and deci-
sions regarding sites of measurement can be determined by
noting where the endothelium intersects with the sampling
line grid (Figure 2). This eliminates site selection bias
because measurements are made only at preselected points,
and it also ensures remarkably consistent numbers of meas-
urements per linear CBM distance.

Removing Right-Sided Skew and Calculating
True CBM Thickness

By definition, CBMs are tube-like, and any series of par-
alel cuts through them generally will not cross precisely
perpendicular to the long axis of the vessel. In fact, because
many CBMs are highly folded (e.g., glomerular BM), many
cuts will be partially en face. As a result, distributions of
CBM measurements usually exhibit aright-sided skew. This
phenomenon can be eliminated by measuring CBMs only
where they are cut in cross section (i.e., only where adjacent
endothelial cells show crisp plasmalemmag). However, this
process is painstakingly slow and unnecessary because of
a mgjor advance in membrane morphometry called the
orthogonal intercept method for determining membrane
thickness. It was developed in 1979 by Jensen and associ-
ates and employs a measuring ruler [5] with a logarithmic
scale indicating nine classes of increasing length. The ruler
can be a simple transparent plastic device or it may be
numerically defined using a digitizing tablet interfaced with
a computer designed to measure length [2]. In either case,
numbers of measurements in each class are recorded, and
their harmonic mean is calculated and then multiplied by
8/3rn [6]. This final calculation is designed to remove the
expected right-sided measurement distribution skew [7] and
toyield atrue CBM thickness.
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Statistical Analysis

Statistical studies of true CBM thickness derived from
orthogonal intercepts are somewhat problematic because the
data from many CBM measurements tend to collapse into a
single number and the sample size becomes very small.
Accordingly, data from different CBM types can be pre-
sented simply as ranges and medians. Alternately, true CBM
thickness values can be derived from a specific number of
animals, tissue samples, or micrographs, with each set rep-
resenting one n. In arecent study [2], the latter method was
chosen, with one set of 20 electron micrographs (approxi-
mately 100 measurements) representing one n (true CBM
thickness data point). Standard deviations of these can be
calculated, and distributions of control and experimental
samples statistically compared using an unpaired t-test. In
those instances where data fail to meet parametric testing
assumptions of equal variance and normal distribution, non-
parametric tests may be employed.

Interpreting the Data

The goa of al scientific data collection should be to gen-
erate credible information that can be interpreted in light of
previous investigations. In the case of CBM morphometry,
however, thisis difficult because, as pointed out by Osterby
[8], most early CBM thickness studies did not employ un-
biased sampling methods—an obvious drawback to their
credibility. Nevertheless, attempts must be made to compare
and contrast new data with that from previous studies.

Future CBM thickness studies must be centered on un-
biased samples and carried out by rigorously controlled
methods. However, correlation with previous work will con-
tinue to be extremely difficult for reasons cited previously.
Moreover, recent data strongly suggest that large differences
exist in CBM thickness between and within individuas and
between and within tissue types. This real CBM thickness
variation demands that conclusions be drawn from investi-
gations with large sampl e sizes prepared and analyzed under
rigorous conditions. Fortunately, excellent progress has
been forthcoming in the efficiency of TEM techniques and
in development of appropriate morphometry software,
which should be advantageous in future experimental
design.

Conclusions

CBM thickness is altered with age, physiologica condi-
tions, and in severa disease states—most notably diabetes
mellitus. Thisimportant parameter can best be derived from
well-controlled, state-of-the-art TEM morphometry studies
carried out on capillaries selected by unbiased sampling
methods. Given the known wide variation in CBM thickness
within and between tissue types, large sample sizes will be
critical for accurate estimation of CBM thickness. Recent

technical advances make such studies possible, and it is
hoped that new investigations will identify patterns of CBM
thickness change from which can be inferred possible
molecular mechanisms of metabolic dysfunction, and ulti-
mately that these can be controlled or eliminated through
therapeutic intervention.

Glossary

Basement membrane: Continuous electron-dense sheets of extracel-
lular materials composed of collagenous and noncollagenous glycoproteins
and proteoglycans, and |ocated wherever nonconnective tissue cells border
the connective tissue space. Many basement membranes thicken with age
aswell asin several disease states, notably diabetes mellitus.

Capillary: A small microvascular channel, generally less than 10um
in diameter, that connects arterioles and venules; they comprise endothelial
lining cells occasionally overlaid by perivascular cells (pericytes) and are
surrounded by basement membrane.

Morphometry: A precise method of measurement employing conven-
tional morphological methods to estimate the physical dimensions of an
unbiased population of biological structures. The structures may be quite
large and visible to the naked eye or they may require substantial magnifi-
cation for measurement.

Ultrastructure: Structural elements of cells and tissues that require
electron microscopic observation; it generally includes structures smaller
than 0.2um.
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Interleukin 7 (IL-7) is a stromal cell-derived cytokine
that iscritical for B- and T-lymphocytes devel opment. It was
originally isolated as a murine pro-B cells growth factor and
called lymphopoietin-1. Interleukin 7 functions primarily as
a growth- and antiapoptotic factor in the early stages of B-
and T-cell development. When bound by proteoglycans, it
could exert alocal biological activity. It was aso shown that
IL-7 is a potent endothelial growth factor and has an impact
on the process of lymphangiogenesis, enhancing the expres-
sion of lymphatic markers on human endothelial cells.

Receptor for IL-7

Structure

Interleukin-7 can act on various cells through its recep-
tor IL-7R. IL-7R is a heterodimer that consists of an o
chain (CD127) that specificaly binds IL-7 and the com-
mon vy chain v, (CD132), which is also a component of
severa other cytokine receptors: IL-2, IL-4, IL-9, IL-15,
and IL-21. Interleukin-7 receptor is a member of the
hematopoietin/cytokine receptor superfamily; both IL-7Ro
and 7. have a pair of conserved extracellular cysteine
residues and an extracellular Trp-Ser-X-Trp-Ser motif and
lack intrinsic tyrosine kinase activity (Figure 1). The o, chain
of IL-7R can aso hind thymic stromal-derived lymphopoi-
etin (TSLP), a cytokine that is important in early stages of
B- and T-cell development. IL-7Ra is a type 1 membrane
glycoprotein. It has a 220-amino acid extracellular domain,
a 25-amino acid transmembrane fragment, and a 195-amino
acid cytoplasmic tail. The mature protein has an observed
molecular weight of about 75kDa, although the predicted
molecular weight is 49.5kDa; the difference is probably
caused by post-trandational modification of one or more of

the six potential N-linked glycosylation sites. The o, chain
exists in membrane-bound and soluble forms. Soluble forms
of the IL-7R are produced by alternative splicing of the IL-
7R gene, which is located on human chromosome 5p13 and
mouse chromosome 15. The murine IL-7 receptor shows
64 percent sequence identity with the human protein. For
high-affinity binding of IL-7, necessary for cell survival
or proliferation signal transduction, both o and vy, chains
are required (Figure 1). On T cells, high- and low-affinity
receptors are expressed according to the state of activation
of the cell.

Signal Transduction

Interleukin 7 can signa through several nonreceptor
tyrosine kinases associated with the cytoplasmic tail of the
receptor. This includes the JAK/STAT pathway, Src family
kinases (p59Y" in mice and p59Y" and p53/p5EN" in
humans), and PI-3 kinase. In T lymphocytes, the MAPK
family (p38) is aso involved. IL-7 activates JAK1 and
JAK 3 kinases, which are also activated by the cytokines that
share the v, receptor subunit. JAK kinases can further acti-
vate signal transducers and activators of transcription
(STAT1, STAT3, and STAT5), which in turn transocate to
the nucleus and activate DNA transcription. It has been
demonstrated that stimulation of the pro-T cells by IL-7
results in clathrin phosphorylation. Because clathrin is
involved in internalization of many receptors, its phospho-
rylation by IL-7 may affect the internalization of the IL-7
receptor. The disorder in JAK-mediated signal transduction
is a cause for the immunodeficiency syndrome severe com-
bined immunodeficiency (SCID). The mutation in the JAK3
kinase gene aswell asin the o chain gene of the IL-7 recep-
tor results in autosomal, recessive SCID, whereas mutation
in the v, chain gene causes X-linked SCID (SCID-X).

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 The Schematic Structure of IL-7R. The receptor for IL-7
consists of a specific o chain and a common yc chain. The IL-7Ro. is aso
a part of thymic stromal lymphopoietin (TSLP), whereas the yc chain is
present in other cytokines such as IL-2, IL-4, IL-9, IL-15, and IL-21. The
cellular signaling upon binding of IL-7 to IL-7R can be mediated by the
JAK/STAT pathway, PI-3 kinase, or Src kinases family. Reprinted from
“Biological and clinical implications of interleukin-7 and lymphopoiesis”
by P M. Appasamy from Cytokines, Cellular & Molecular Therapy,
www.tandf.no/ccmt, 1999, 5, 25-39, by permission of Taylor & FrancisAS.

Other details describing the structure of IL-7R and IL-7
signaling have been reviewed elsewhere [1-3].

IL-7R Distribution

The presence of IL-7R was reported mainly in hema-
topoietic human and murine cell systems and selected mye-
loid cells. The IL-7Ro. chain is present on bone marrow
progenitor cells, lymphoid T and B precursors, and on most
mature T cells. Recently, its presence on epithelial cells and
neurons, as well as on human microvascular endothelial
cells and some tumors, was reported.

After IL-7 binding, IL-7R transduces several biological
signals, playing an important role in the function of the
immune system. The cytokine, via its receptor, supports the
maturation and augment proliferation of pre-B and pre-T
cells. Murine B lymphocyte development is criticaly
dependent on IL-7 availability. The interleukin-7 receptor is
essential for Peyer’s patches (PP) development. Lymphoid
organ-specific mesenchymal tissue that possesses IL-7R is
involved in theinitial phase of PP formation. Accumulating
evidence indicates that both PP and lymph nodes (LN) orig-
inate from a common precursor, characterized by the pres-
ence of IL-7R. The precursor differentiation into LN or PR,
and their further functional properties, are controlled by the
local environment.

The Presence of IL-7R on Endothelial Cells

The endothelium is a type of highly specialized, struc-
turally and functionally heterogenous mesodermal-derived

epithelium. Microvascular endothelium controls the body
compartmentation and homing of lymphocytes into lym-
phoid as well as nonlymphoid sites, in atissue-specific man-
ner. Selectins (E- and P-) and other endothelium-specific
adhesive molecules called addressins (ligands for selectins)
initiate the process of leukocytes adhesion to the vascular
wall. Under the chemoattractive influence of endothelium-
presented chemokines, activated leukocytes adhere firmly
and finally transmigrate through the vascular wall to the sur-
rounding tissues. Endothelial cells play fundamental roles
not only in normal processes such as wound healing but also
in pathological ones such as atherosclerosis, inflammation,
and cancer progression and metastasis.

In 1993 it was shown that murine endothelial cells from
peripheral lymph nodes could be specifically activated by
IL-7. In cells grown in the presence of IL-7, expression of
lectin adhesion molecule and a selective induction of
addressin (MECA 79 antigen) expression were noticed.
These observations strongly suggested the presence of IL-
7R on murine endothelial cells. Further study revealed that
human endothelial cells possess the receptor for IL-7. The o
chain of the receptor (IL-7R) was detected in five endothe-
lial cell lines, derived from peripheral or mesenteric lymph
nodes, lung, and appendix.

It has been postulated that there is a close association of
the hematopoietic and endothelial developmental lineages
because they both arise from a common precursor, the
hemangioblast. Hence, the fact of the presence of an IL-7
receptor on hematopoietic as well as on endothelia cells
may support this hypothesis.

Activity of IL-7 on endothelial cellsis achieved through
activation of its specific receptor, resulting in induction of
adhesion molecules and/or cytokines. It could be hypothe-
sized that IL-7, activating endothelial cells, may act indi-
rectly, inducing the production of another growth factor
such as VEGF or bFGF; however, no evidence supports this
hypothesis. It has also been shown that I1L-7 can induce sig-
nal transduction events in cells that do not express IL-7R
because of the ahility to involve other surface receptors such
as FLT3 and c-kit.

IL-7R in Cancer

Because IL-7 is a known lymphocyte growth and differ-
entiation factor, it also participates in the development of
several hematological malignancies. However, the IL-7
receptor MRNA has also been detected in many nonhemato-
logical tumor in vitro cell lines. IL-7 was found to be a
potent growth factor for breast cancer cells. Breast cancer
cell lines, cancer tissue biopsies, and normal breast tissue
express IL-7R mRNA. Moreover, the expression of IL-7R
and its signaling molecules is higher in tumor tissue of
patients with a poor clinical outcome. The aberrant expres-
sion of IL-7, IL-7R, and their signaling complex may influ-
ence the proliferation of breast cancer cells and disease
progression, supporting lymphangiogenesis of the solid
tumors.
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An accumulating body of evidence suggests that the
remodeling of the extracellular matrix (ECM) during angio-
genesis is accomplished largely through the activity of the
matrix metalloproteinases (MMPs). MMPs form a large
family of metal-dependent proteolytic enzymes, which have
been classified on the basis of their substrate (i.e., the ECM
components that they degrade) specificity. There are four
major classes of MMPs. collagenases, gelatinases,
stromelysins, and membrane-type MMPs. The activity of
MMPs is the rate-limiting step in ECM turnover. MMP
activity is regulated at three different levels: transcription,
activation of MMPs from their inactive (latent) proenzyme
form, and by the activity of their endogenous inhibitors, the
tissue inhibitors of matrix metalloproteinase (TIMPs) [1].

Matrix Metalloproteinases

MMPs have been implicated in promoting angiogenesis
as well as tumor growth and metastasis. Capillary endothe-
lia cells (EC), under the influence of angiogenic mitogens,
secrete MM Ps, and the proteolytic activity of these enzymes
facilitates the sprouting of EC out from the parent venule as
well asthe migration of these cells at the leading edge of the
new capillary sprout through the ECM during angiogenesis
(Figure 1). For example, MMP-2 activity has been shown to
be concentrated at the invadopodia of a variety of cell lines.
In addition, MMP activity is required for cancer cell migra-
tion and invasion through extracellular spaces as well as for
the cell’s ability to invade anearby blood vessel, extravasate
at adistant site, and then to finally invade the distant tissue
in order to seed a new metastatic lesion. MMPs have also

been shown to cleave membrane-bound growth factors,
such as HB-EGF and TGFJ3, aswell asto release angiogenic
mitogens (bFGF) deposited in the matrix.

Recent studies have demonstrated that MMPs are also
important at the earliest stages of the angiogenic program
called the angiogenic switch. In a model of tumor progres-
sion that recapitul ates the earliest events associated with the
onset of neovascularization, our laboratory has shown that
MMP-2 is acritical component of the angiogenic switch. In
this study, both MMP-2 protein and activity were signifi-
cantly upregulated during the transition from a preangio-
genic to an angiogenic tumor [2]. Since that report, other
groups have shown that MMP-9 may be a regulator of the
angiogenic switch in a pancreatic tumor model [3]. Taken
together, these data support the conclusion that MM P activ-
ity is one of the earliest and most sustained activities in
angiogenesis. Because MMP activity is required for angio-
genesis and tumor growth, it is not surprising that MMPs
can be found in the urine of cancer patients and that they are
independent predictors of disease status [4]. MMPs were
reproducibly detected in the urine of cancer patients and
correlated with disease status but were not found in the urine
of healthy age-matched, sex-matched controls or in the urine
of patients who showed no evidence of disease at the time of
sampling and testing.

These studies highlight the importance of MMPs as reg-
ulators of angiogenesis and subsequent tumor progression.
Based on these data, MMP activity represents a potentially
powerful target for cancer therapy. In fact, it has been shown
that a shift in the proteolytic balance in favor of the MMP
inhibitors would effectively block angiogenesis, and several
synthetic inhibitors of MMPs have been tested in clinical

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figurel Roleof MMPsin angiogenesis, tumor growth and metastasis.

trials designed to determine their efficacy in the treatment of
solid tumors and metastasis. Unfortunately, the indiscrimi-
nate use of synthetic MMP inhibitors has proven to be less
successful than originally anticipated and has also resulted
in side effects that preclude their use at therapeutically
effective doses. Current clinical trials are testing certain of
these inhibitors in combination therapies. However, it is
possible that their broad specificity and, in some cases, lim-
ited bioavailability may ultimately mean that this generation
of synthetic MMP inhibitors will not be as promising as
once hoped. In light of these disappointing outcomes, there
is renewed interest in the endogenous MMP inhibitors,
which, although larger in size, may offer advantages over
synthetics, with respect to both a reduction of cytotoxicity
and their lack of immunogenicity asafunction of their being
apart of anaturally occurring protein.

Although MMPs are routinely regarded as being proan-
giogenic molecules, MMPs have aso recently been shown
to process antiangiogenic fragments from their inactive par-
ent molecule, suggesting that they can aso function as neg-
ative regulators of angiogenesis. For example, we have
shown that MMP-2 can proteolytically cleave plasminogen
to yield the endogenous inhibitor, angiostatin. Other groups
have reported that, depending on tumor type, additional
MMP family members also share this activity. Similarly,
MM Ps have been shown to participate in the processing of
endostatin from collagen XVIII.

Tissue Inhibitors of Metalloproteinases

There are four known endogenous inhibitors of MMPs
that have been cloned to date: TIMP-1, -2, -3, and -4. These
four members of the TIMP family have been shown to

inhibit active MMPs equally well, athough some limited
degree of specificity exists. For example, TIMP-2 binds
preferentially to MMP-2, whereas TIMP-1 binds to MM P-9
with higher affinity than to other MMPs. The amino acid
sequence of TIMPs is highly conserved (~45%) and
includes 12 cysteine residues that form 6 disulfide-bonded
loop structures. The junction of thefirst three loops has been
identified as the MMP inhibitory site by both biochemical
and structural studies. In fact, the first three |oops expressed
aone asatruncated protein have been shown to be sufficient
to inhibit MMP activity. These three loops have been popu-
larly referred to as the N-terminal domain. The C-terminal
domain, comprising the remaining three disulfide-bonded
loops, is more variable among the TIMP family membersin
terms of its primary structure and is believed to confer some
of the specificity observed for certain TIMPs [5]. For exam-
ple, interactions between the C-terminal domain of TIMP-2
and the PEX domain of MMP-2 are thought to stabilize the
enzyme inhibitor complex, as well asto promote pro-MMP-
2 activation in a trimeric complex with MT1-MMP.

It is becoming increasingly clear that TIMPs are multi-
functional proteins that affect avariety of cellular activities,
such as cell growth and apoptosis. Most prominent among
these functions is the ability of certain TIMPs to regulate
vascular and tumor cell growth. For many years, this poten-
tial has been predicated on their ability to directly inhibit the
MMP activity by binding to the enzymes’ active site. Since
the first report that TIMPs could inhibit angiogenesis in
vitro and in vivo [6], it has largely been assumed that all
TIMPs inhibit angiogenesis. However, recent studies now
illustrate important differences in the ability of these family
members to be bona fide inhibitors of angiogenesisin vivo.
Although TIMP-1, TIMP-2, and TIMP-3 are all inhibitors of
capillary EC migration, only TIMP-2 has been shown to
inhibit the proliferation of normal capillary endothelial cells
[7]. TIMP-1 has actually been found to be a modest stimu-
lator of capillary EC proliferation as well as angiogenesisin
vivo, whereas TIMP-3 has no significant effect on hormal
capillary EC proliferation. TIMP-4 has not yet been tested in
these systems.

These results led us to hypothesize that the antiprolifera-
tive effects of TIMP-2 are, in fact, a unique feature of this
TIMP and represent a second antiangiogenic activity in this
molecule. Recently, it has been reported that this second
antiangiogenic site which is responsible for directly inhibit-
ing capillary EC proliferation, is housed in the C-terminal
domain of TIMP-2 and, more specificaly, in Loop 6.
(Figure 2) Interestingly, while the antiproliferative domain
of TIMP-2 was a potent inhibitor of corneal neovasculariza-
tion when angiogenesis was stimulated by the exogenous
addition of an angiogenic mitogen, the MMP-inhibitory
domain resulted in only modest inhibition that was not
statistically different from a mutant form of the protein
that lacked MMP inhibitory activity [8]. In fact, synthetic
MMP inhibitors, such as BB-94, do not inhibit angiogenesis
in this system, nor do monospecific, MMP-2 immuno-
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Figure2 Uncoupling of the anti-angiogenic domains of TIMP-2. TIMP-
2 possesses two structurally independent anti-angiogenic domains, T2N
and T2C. T2N inhibits MMP activity but not capillary endothelial cell pro-
liferation, while T2C inhibits capillary endothelial cell proliferation but not
MMP activity. T2N inhibits embryonic angiogenesis in vivo as demon-
strated in the chick chorioallantoic membrane (CAM) assay, while T2C
inhibits both embryonic and mitogen-stimulated angiogenesis, as demon-
strated in the CAM and in the mouse corneal pocket assays. The anti-
proliferative activity of T2C has been further isolated to Loop 6 of TIMP-
2. This 24 amino acid domain is, in and of itself, a potent inhibitor of
angiogenesis in vivo as shown in the two distinct in vivo models.

neutralizing antibodies. These results suggest that direct
MMP inhibition alone may not be sufficient to inhibit the
robust angiogenesis associated with pathological neovascu-
larization[8].

It is possible th.at the antiproliferative effects of TIMP-2
are the result of its interaction with the PEX domain of
MMP-2. As mentioned previously, TIMP-2 has been shown
to participate in the cell surface activation of pro-MMP-2,
and the C-terminal domain aone has been shown to inhibit
this process, presumably by hijacking pro-MMP-2 from the
activating complex. Thisinteraction has now been shown to
be mediated by the C-termina tail of TIMP-2, in that a
mutant form of the TIMP-2 carboxy-terminal domain con-
taining the C-terminal tail of TIMP-4 did not result in the
inhibition of pro-MMP-2 activation [9]. Given these results,
it is unlikely that the antiangiogenic effects of Loop 6,
which is not involved in these interactions, is the result of
indirect MMP inhibition.

Much remains to be learned about the multifunctional
and sometimes contradictory activities of TIMPs. For exam-
ple, TIMP overexpression in cancer cell lines has been
shown to result in decreased tumor growth and tumor cell
colonization in some systems, while stimulating tumor
growth in other systems. Similarly, whereas certain TIMPs
inhibit apoptosis, others have been shown to promote it.
These effects often vary depending on the specific TIMP and
cell type tested and the method of gene delivery utilized.
These studies continue to teach us that the physiological
context in which these inhibitors and their cognate enzymes

function plays akey rolein determining their ultimate effect
in vivo both with respect to regulating the vasculature as
well as other important physiological systems.

Glossary

Angiogenesis: The process of new capillary formation from a pre-
existing vessel.

Matrix metalloproteinases (MMPs): A multigene family of metal-
dependent enzymes, whose activity is considered to be a rate-limiting step
of extracellular matrix degradation. The growing family of MMPs is cur-
rently composed of 28 members.

Tissue inhibitors of metalloproteinases (TIMPs): A family of
endogenous inhibitors of metalloproteinases. Four family members have
been cloned and expressed to date.
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Introduction

Asimportant asthe inner organelles of the cell, the extra-
cellular matrix (ECM) plays fundamental rolesin cell func-
tion. The molecular framework of the extracellular matrix
serves severa functions in cell-to-cell communication and
integration of environmental cues to a cell’s differentiation
and fate. We have learned that the extracellular matrix is as
plastic and dynamic as the cells that produce them. Critical
in this molecular and structural plasticity is the ability to
cleave the underlying molecular matrix units, which is
accomplished by a vast array of enzymes with a wide spec-
trum of substrate specificities. Metalloproteases (MMPs) or
matrixins refer to a wide superfamily of enzymes that
requires the presence of a highly conserved zinc-binding
motif for catalysis [1, 2]. MMPs are functionally, struc-
turaly, and at the DNA sequence homology related to a
collagenase found in the tail of a tadpole undergoing
metamorphosis, which was the first member to be described
within this rapidly expanding superfamily of enzymes. By
cleaving the molecular extracellular framework surrounding
cells, MMPs contribute to cell renewal and tissue formation,
both in the embryo and in the adult system. Their action
continues in critical biological processes, such as tissue
remodeling, would healing, and angiogenesis. Furthermore,
there is growing evidence that, despite their enzymatic
activity, MMPs also act as cellular regulatory factors in
areas of cellular signaling, growth, differentiation, and
death. These broad functions modulate or control inter-
actions of a cell with its immediate surroundings and with
its external environment.

In this chapter, the authors am at summarizing the
newest knowledge on the role of MMPs in physiological
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and pathophysiological processes, with an emphasisin vas-
cular and pulmonary vascular biology.

Molecular Structure

Currently a total of 23 enzymes out of 29MMPs have
been identified in humans. Five MMPs are shorter isoforms
of full-length enzymes, and one is annotated as MMP-likel
protein. Additionally, several plant and nonvertebrate
MM Ps have been found and characterized.

All MMP family members share a similar multidomain
structure. The general structural pattern consists of a
prodomain, a catalytic domain, a hinge region, and a hemo-
pexin domain. The prodomain comprises a signal peptide
[of about 20 amino acids (aa)] and a propeptide region, of
about 80aa. The signal peptide is cleaved off the molecule
during its transport through the endoplasmic reticulum for
cell release. The propeptide contains two specific regions,
which as based on their biochemical properties, mechanisti-
cally account for the activation of the zymogen (i.e., latent
form) to the active MMP. These two regions consist of
a protease-sensitive sequence located in the second out
of three helices and a unique, cysteine-switch motif
PRCGXPD, within the peptide tail.

The catalytic domain (of about 170aa) consists of five 3-
sheet and three o-helix structures linked by a connecting
loop. Three calcium ions and one structural zinc atom
strengthen and stabilize the structure. The active site with its
characteristic metal-binding motif HEXGHXXGXXH is
located near the C-terminus, a highly conserved (56% to
64%) portion of the protein. The second zinc atom, also
known as the active zinc, is coordinated by three histidines

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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present within this motif. The substrate binding region is
located adjacent to the active site. Unlike the active site, the
binding pocket reveals a high level of sequence variability
among the different MMP classes, and thus accounts for the
specificity of substrate recognition by the MMPs.

The hemopexin-like domain consists of four hemopexin-
like repeats (containing about 210aa) and occupies the C-
terminal part of the molecule. Each repeat has a four-bladed
B-propeller fold, with a single stabilizing disulfide bond
between blades | and V. Because these domains are also
found in many other proteins, for instance in integrins, it is
thought that they can aso be involved in protein—protein
interactions. The hemopexin domain connects to the cat-
alytic domain via a proline-rich polypeptide hinge region of
10 to 70aa. The hemopexin-like domains are determinants
of substrate specificity of each enzyme The function of the
hinge region is not fully understood.

Although al MMP family members have a similar over-
al structura motif, their molecular weight ranges from
28,000 to 92,000da and suggests the existence of different
levels and patterns of glycosylation, as well as some
structural diversity. Whereas some enzymes lack certain
domains, others have additional inserts that modulate but
not drastically alter their functions. For instance, MMP-7
and MMP-26 lack the hemopexin domain, whereas MM P-2
and MMP-9 have an insert of three fibronectin type Il
domains in the vicinity of the catalytic site. NMR studies
have indicated that the inserts consist of two antiparallel
[3-sheets, connected with a short o-helix. and are stabilized
by two disulfide bonds. Domains 2 and 3 are thought to be
structurally flexible, which can facilitate simultaneous inter-
actions with multiple sites in the ECM.

Several members of the MMP family exhibit additional
structural featuresthat allow classifying them into a separate
subgroup of membrane-type MMPs (MT-MMPs). Within
their polypeptide linker that connects the prodomain with
the catalytic domain, there is a sequence R-X-R/K-R, which
seems to be essential for specific post-translational process-
ing of these proteinases. Also, their C-terminal region has a
70 to 100aa hydrophobic polypeptide tail that insertsin the
cell membrane, terminating with a short cytoplasmic tail.
These enzymes are anchored in a cell membrane. So far, six
membrane-type proteases have been characterized [2].

Each MMP exhibits a unique set of structural and func-
tional characteristics. For instance, MMP-23 lacks the cys-
teine switch motif and the hemopexin domain. Instead, it
has a unique cysteine and proline-rich region, the IL-1 type
[l receptor-like domain, and a furin-susceptible region.
MMP-23 isactivated in the Golgi-like MT-MMP, but it does
not have a transmembrane domain. It is released in active
form, but it may associate to the cell membrane via the N-
terminal part of the propeptide.

MMPs can be grouped according to different common
properties, varying from primary sequence homologies, sub-
strate specificity, or site of action. One such approach is
based on grouping by DNA homology using the resources of
the human genome project database, or as based on the

search for proteins with homologous catalytic domain of
MMPs. Relevant amino acid sequences were detected after
analyses of alignments that revealed 29 different proteins
stemming out from the same ancestor. Based on this
approach, MMPs could be ordered into five subfamilies:
nonfurin-regulated MMPs, gelatinases, transmembrane
MM Ps, GPI-anchored, and others. A similar clustering, with
minor differences, was obtained when catalytic domain or
hemopexin sequences were compared [3].

Based on the differences in substrate specificity, MMPs
can be classified into six subgroups: collagenases, gelatinases,
stromyelisins, matrilysins, membrane-type MM Ps, and others
[2]. Based on the site of action, there are two groups of
enzymes. secreted into the extracellular matrix and trans-
membrane proteins. Table | summarizes groups of MM Ps.

Activation of Metalloproteinases

The final products of MMP gene trandlation are inactive
forms of enzymes such as zymogens or proMMPs. Func-
tionally, the active form of MMPs requires exposure of the
active catalytic center, which occurs via a series of confor-
mational changes.

The active site containing a zinc-binding motif and sur-
rounding amino acids consists of a cleft along the catalytic
domain. In the latent form of the enzyme, the polypeptide
tail of the prodomain region covers the catalytically compe-
tent cleft. The inhibitory cysteine with its sulfhydryl group
acts as a fourth ligand and thus blocks accessibility to the
active zinc atom. Cleavage of the protease-sensitive region
in the prodomain causes transl ocation of the polypeptide tail
away from the cleft, which upon removal of the cysteine
from the active region, exposes the active zinc in coordina
tion with a water molecule. The removal of the inhibitory
prodomain exposes the substrate binding region located
close to the active site. When the substrate binds and comes
close to the active site, the carbonyl group of the substrate
peptide bond replaces the water molecule and coordinates
the active zinc. The glutamic acid located within the MMP
active domain and adjacent to active zinc acts as a proton
acceptor from water and provokes a nucleophilic attack on
the peptide bond of substrate [5].

MMP activating factors include proteolytic enzymes
that digest a protease-sensitive region in the prodomain.
Glutathione and other thiol-modifying agents in general,
chaotropic agents, SDS, reactive oxygen, NO, heat, or low
pH can also perturb the molecular interaction between the
inhibitory cysteine and the active zinc, causing activation of
MMPs. MMP activation is a multistep process, involving
initially the partial removal of the peptide from the
prodomain by any of the above listed agents, culminating
with the full removal of activation peptide of intermediate
molecules.

Membrane-type MMPs contain a specific seguence
between the propeptide and the catalytic domain that is
susceptible for furin or furin-like proprotein convertases
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Tablel Groupsof Human MMPs.

Enzyme GENE Domains Substrate

Collagenases

MMP-1, 1192223 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S)  Aggrecan, collagens |, 1, 111, VII, VIII, X, XI, enactin,

Interstitial collagenase, fibronectin, gelatin, IGFBPs, laminin, link protein,

collagenase 1 myelin basic, tenascin, vitronectin, 01-AC, a.2-M,
o1-Pl, casein, Clgq, fibrin, fibrinogen, IL1f3, ProTNFa

MMP-8, 11g21-q22 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S)  Aggrecan, collagens|, 11, 111, 02-M, a.1-Pl, C1q,

Neutrophil collagenase, fibrinogen, substance P

collagenase 2

MMP-13 11922.3 Pre-Pr(SH)-Cat(Zn)-Hinge-Hemopexin(S-S)  Aggrecan, collagens |, 1, 111, VI, IX, X, XIV, fibrillin,

Collagenase 3 fibronectin, gelatin 1, osteonectin, o.2-M, casein, factor
XIl, fibrinogen, proMMP2, ProTNFao.

Gelatinases

MMP-2, 16q13 Pre-Pro(SH)-Cat-3xFnll(Zn)-Hinge- ADP-ribose polymerase (in vitro) [ref 64 S1], collagen

Gelatinase A Hemopexin(S-S) I, I 1V, V, VI X, X, X, decorin, elastin, entactin/
nidogen, fibrillin, fibronectin, fibulins, gelatinl, IGFBPs,
laminin, a1-AC, a1-Pl, Clgq, fibrin, fibrinogen, IL18,
ProTNFf, plasminogen substance P

MMP-9, 20011.2—g13.1  Pre-Pro(SH)-Cat-3xFnll(Zn)-Hinge- Aggrecan, collagens 1V, V, X1, X1V, decorin, elastin,

Gelatinase B Hemopexin(S-S) fibrillin, gelatinl, laminin, link protein, myelin basic,
osteonectin, vitronectin, o.2-M, o1-PI, casein, C1q,
fibrin, fibrinogen, IL1p3, ProTNFa, Pro TNFB,
plasminogen, substance P

Stromelysins

MMP-3, 11923 Pre-Pro(SH)-Cat(Zn)-Hinge-Hemopexin(S-S)  Aggrecan, collagens 111, 1V, V, VII, IX, X, XI, decorin,

Stromelysin 1 elastin, entactin/nidogen, fibrillin, elastin, fibronectin,
gelatinl, IGFBPs, laminin, link protein, myelin basic,
osteonectin, tenascin, vitronectin, o1-AC, a1-PI, Clq,
E-cadherin, fibrin, fibrinogen, IL1f3, ProTNFa,
plasminogen,substance P, T-kininogen

MM P-10, 11922.3—g23 Pre-Pro(SH)—Cat(Zn)-Hinge- Adggrecan, collagens 1, IV, V, elastin, fibronectin,

Stromelysin 2 Hemopexin(S-S) gelatini, link protein, casein, fibrinogen

MMP-11, 22q11.2 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- IGFBPs, 02-M, o.1-Pl

Stromelysin 3 Hemopexin(S-S)

Matrilysins

MMP-7, 11g21—q22 Pre-Pro(SH)-Cat(Zn) Aggrecan, collagens |, 1V, decorin, elastin, entactin/

Matrilysin 1, pump-1 nidogen, fibronectin, fibulins, gelatinl, laminin, link
protein, myelin basic, osteonectin, tenascin, vitronectin,
a.1-Pl, casein, E-cadherin, fibrinogen, Pro-a--defensin,
Fas-ligand, Pro(TNF)-o.

MM P-26, 11p15 Pre-Pro(SH)-Cat(Zn) Collagen 1V, fibronectin, gelatinl, a1-Pl, fibrinogen

Matrilysin 2, endometase

Membrane-Type MM Ps

MMP-14, MT1-MMP 14q11—q12 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- Aggrecan, collagens|, 11, 111, elastin, entactin/nidogen,

Homopexin(S-S)-TM-Cytoplasmic tail fibronectin, gelatin 1, laminin, vitronectin, o.2-M, o1-Pl,

Factor XI1, fibrin, fibrinogen, ProMMP2, ProTNFo.

MMP-15, 1501321 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-

MT2-MMP Homopexin(S-S)-TM-Cytoplasmic tail

MM P-16, 8921 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge- Collagen |11, fibronectin, ProMM P2

MT3-MMP Homopexin(S-S)-TM-Cytoplasmic tall

MMP-17, 12g24.3 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-

MT4-MMP Homopexin(S-S)-GPI anchor

MM P-24, 20g11.2 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-

MT-MMP Homopexin(S-S)-TM-Cytoplasmic tail

MM P-25, 16p13.3 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-

MT6-MMP Homopexin(S-S)-GPI anchor
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Tablel Continued

Enzyme GENE Domains Substrate

Others

MMP-12, 11922.2—g22.3  Pre-Pro(SH)—Cat(Zn)-Hinge-Hemopexin Aggrecan, collagens|, 1V, decorin, elastin, entactin/

macrophage metalloel astase nidogen, fibronectin, gelatin 1, laminin, myelin basic,
tenascin, a.2-M, a1-Pl, Factor XI1, fibrinogen ProTNFo,
ProTNFp, plasminogen

MM P-19, 12q14 Pre-Pro(SH)—Cat(Zn)-Hinge-Hemopexin Collagens|, 1V, fibronectin, gelatin 1, tenascin, casein

RASI-1

MM P-20, 11922.3 Pre-Pro(SH)—Cat(Zn)-Hinge-Hemopexin amelogenin

enamelysin

MM P-23, 1p36.3 Pre-Pro(SH)-FurinSite-Cat(Zn)-Cys-rich-

cysteine array lg-like

MMP (CA-MMP)

MMP-27, 11g24 Pre-Pro(SH)—Cat(Zn)-Hinge-Hemopexin

CMMP

MM P-28, 17921.1 Pre-Pro(SH)FurinSite-Cat(Zn)-Hinge-

epilysin Hemopexin(S-S)

Enzymes MMP-22 from chicken, MMP-18 and MMP-21 from Xenopus have been omitted.

Abbreviations: Pre, preprodomain, signal peptide; Pro(SH), prodomain with a zinc-ligating thiol (SH) group; FurinSite, specific sequence susceptible
for furin cleavage located within Prodomain; Cat(Zn), catalytic domain with active zinc; 3xFnll, three Fibronectin-like domains inserted into a catalytic
domain; Hinge, hinge region, linker polypetide; Homopexin(S-S), hemopexin domain with four propeller domains and a disulfide bridge between the first
and fourth domain; TM, transmembrane region of protein; C, cytoplasmic tail, intracellular region of MMp expressed on the cell surface; GPI, glyco-
phophatidyl inositol anchoring domain; Cys-rich, cystein and proline rich domain; 1g-like, immunoglobulin like domain. This table is based on [2, 4].

cleavage. During post-trandlational processing, these
enzymes recognize and cleave within this sequence, thus
activating MT-MMPs. Once transported through the Golgi
network, activated MT-MMPs remain as surface enzymes at
the cell membrane. Internalization of the enzyme can occur
within 60 minutes after initial cell membrane exposure. This
might represent a rapid response for relocalizing active
MT1-MMP at the leading edge of the cell during migration.

Active MMPs and MT-MMPs degrade several compo-
nents of ECM molecules. Their targets include other pro-
teinases, proteinase inhibitors, clotting factors, chemotactic
molecules, latent growth factors, growth factor—hinding pro-
teins, cell surface receptors, and cell—cell adhesion mole-
cules. In addition, they may act via cell receptors, as for
instance o2B1 integrin, thus affecting cell survival. Hence,
the mechanisms of in vivo activation and inhibition of
proMMPs are of high physiological importance. It was
suggested that activation may take place on the externd
cell surface, where plasma plasminogen, together with its
UPA/UPAR complex, is converted into plasmin, and plasmin
then removes part of the propeptide of a freshly secreted
MMP zymogen. Membrane-type MMP also plays arole in
MMP activation by cleaving the rest of the propeptide.
There is some evidence that this process is mediated by a
specific MMP inhibitor (TIMP) that has high affinity to both
the MT-MMP and MMP zymogen, keeping the complex
docked on the cell surface. The adjacent MT-MMP, whichis
not occupied by a TIMP, then partially cleaves MMP zymo-
gen, which in turn can auto-activate to the fully active form.
Recently, a new activating agent was revealed that offers an
additional control of MMP function called the SIBLINGS

proteins. Also, it was found that blood proteins involved in
coagulation/fibrinolysis cascade, such as Activated Protein
C, can directly activate MMPs.

Specific Inhibitors of Metalloproteinases: TIMPs

MM Ps can be inhibited by o-2 macroglobulin, a genera
proteinase inhibitor of very broad spectrum, by inhibitors of
complexed progelatinase and TIMP, and by TIMPs them-
selves. Tissue inhibitors of metallo-proteinases (TIMPs), the
key inhibitors of MM Psin vivo, have four members (TIMPs
1to 4) that share 41 percent to 54 percent sequence identity.
They are small proteins with molecular weight that ranges
between 27-kDa and 29-kDa. Each TIMP is built with one
polypeptide chain that folds into two domains. N-terminal
domain (about 125aa) and C-terminal domain (about 65aa).
The interaction between TIMP and MMP or MT-MMP
occurs via the binding of its four N-terminal residues to the
catalytic cleft in MMP, one of them being the inhibitory cys-
teine. Additionally, the C-termina region of TIMP binds
with high affinity to the C-terminal part of MMP, thus inter-
fering, which intensifies the interaction so much that the
complexes are stable even in 0.1 percent SDS. The stoi-
chiometry of complexesis1:1.

The role of TIMP in the activation and inhibition of
MM P seems to be dual. Experimental data show that low or
moderate levels of TIMP2 promote activation of MMP2 in
breast tumor cells, whereas higher levels inhibit it. These
contrasting findings may be explained by the fact that high
levels of TIMP saturate MT-MMP, thus blocking its ability



CHAPTER 6 Matrix Metalloproteinases and Their Inhibitors

37

to activate proMMP. It was found that TIMPs additionally
have some cell-growth—promoting or cell growth—inhibit-
ing activities. Molecules of TIMP were found in nuclel of
fibroblasts and breast carcinoma cells. By analogy to their
interaction with MMPs, their role in other physiological or
pathophysiological processes can also be dual [6].

Because overactive MMPs are associated with many
pathological states, the equilibrium between active enzymes
and their inhibitors plays a crucia role in maintaining the
proper level of metall oproteinase activity.

MMP Genes and Regulation of Expression

Genes coding MMPs were localized on chromosomes 11,
14, 16, 20, and 22. Genes coding several secreted, soluble
proteases form clusters. For instance, the long arm of chro-
mosome 11 harbors sequentialy (oriented from the most
centromeric to the most telomeric regions) genes coding
for MMP-8, MMP-10, MMP-1, MMP-12, MMP-7, and
MMP-13. In contrast, the genes coding for membrane-type
MMPs were localized on different chromosomes;, MM P14
(MT1-MMP) maps to human chromosome 14, MMP15
(MT-2-MMP) to human chromosome 16, and MMP16 (M T-
3-MMP) to human chromosome 8.

A paradigm of MMP gene structure and organization is
the MMP-12 (human macrophage elastase) gene. It is simi-
lar to the genes of stromelysins and collagenases because it
has the same location to chromosome 11022.2—22.3 and
similar, highly conserved exon size and intron—exon bor-
ders. It is 13-kilobase (kb) long, composed of 10 exons and
9 introns. It was determined that MMP-12 (macrophage
elastase) and MMP-3 (stromelysin 1) genes are physicaly
linked within the 62-kb region. The promoter region of the
MMP-12 gene contains severa features common to other
MMP genes, including a TATA box 29 nucleotides upstream
to the transcription initiation site, an AP-1 motif located
about —70kb upstream, and a PEA3 element. The PEA3 isa
conserved Polyoma Enhancer A binding protein site, and the
AP-1 is an Activation Protein 1 binding element. Both are
regions of DNA that bind directly to these transcription fac-
tors. Other regulatory elements within different MMP genes
include GC-Sp-1 binding site, SBE-SIAT binding element,
c/EBP-B-CCATT/enhancer binding protein [, OSE-2
(osteoblast specific element-2), SPRE (stromelysin-1 PDGF
responsive element), TRE (octamer binding protein), Sil
(silencer sequence), NF-kB (nuclear factor kB), NF-1
(nuclear factor-1), and RARE (retinoic acid responsive ele-
ment). Some of these sites overlap. For instance, the phor-
bol ester-responsive element is located within the AP-1
binding region.

Under normal conditions, the level of MMPs is rather
low and increases with the need for ECM remodeling. Thus,
the MM P genes are susceptible to external induction, which
occurs with participation of the regulatory elements listed
above. Regulation at the trandlational level may occur via
modulation of MRNA or via second messenger signaling.

The agents affecting gene expression are inflammatory
cytokines, growth factors, hormones, phorbol esters, oxidant
stress, and mechanical injury or aging. They act through the
whole variety of intracellular signaling pathways, including
mitogen-activated protein kinases. These pathways may
cross-react with each other, resulting in a broad spectrum
of intermediating proteins (enhancers, co-regulators, or
inhibitors) that in turn form complexes with transcription
factors. These complexes eventually bind to AP-1 or other
regulatory elements in the promoter region of the MMP
gene.

A good example of the level of complexity is transform-
ing growth factor (TGF)-B. TGF-J is a potent regulator of
many genes that carry AP-1 motifs in their promoters. It
generaly induces expression of MMP inhibitors (TIMPS)
and expression of genes coding for ECM proteins that are
substrates for MMPs, but suppresses synthesis of MMPs 1,
3, and 9. For its suppressive activity, TGF- binds to its
transmembrane receptor and activates the cascade of phos-
phorylation of Smad family proteins. These proteins can
then be translocated to the nucleus, where they bind to a
TGF-B inhibitory element (TIE). This is a sequence: 5'-
GAATTGGAGA-3, located 245bp upstream of the tran-
scription site and upstream of the AP-1 site in the MMP-1
promoter. TIE is considered to be a constitutive repressor of
the MMPs. In carcinoma cells, TGF-B has an opposite
effect, in that by acting through a protein kinase C and tyro-
sine kinase signaling pathways, it enhances expression and
synthesis of MMP-13 [7, 8].

Angiogenesis

MMPs play critical rolesin different areas related to vas-
cular biology, particularly angiogenesis, which involves
intimate interaction between the vascular cells and their sur-
rounding matrix. MM P-mediated remodeling with degrada-
tion of ECM components by proteolytic cleavage rearranges
or removes mechanical barriers, thus allowing cell migra-
tion and cell growth. Because of the presence of MMPs in
virtually any tissue and because of activity directed to a
broad spectrum of substrates, MMPs play a crucial role in
embryonic development and organogenesis. For review, see
recent publications [9].

Vascularization, de novo vessel formation, begins when
fibroblast growth factor isoforms produced by endodermal
cells induce paraxial and lateral plate mesoderm to form
angioblasts and hematopoietic cells. Cells differentiated into
angioblasts can either remain at a specific site of origin or
migrate to distant locations to form a regiona vascular
plexus. Within the plexus, endothelial cells proliferate and
form capillaries, which may foster further vessel formation,
known as angiogenesis. These processes are regulated on
several levels, one of which isthe endothelial receptorstyro-
sine kinase TIE-2 and TIE-1 and interactions of vascular
endothelial growth factors with their receptors VEGF-R2
and VEGF-R1 located on the cell surface. It is believed that
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the VEGF-R2 receptor mediates early-stage endothelial cell
differentiation, whereas VEGF-R1 is responsible for forma-
tion of lumen in newly created capillaries. Knock-out ani-
mals lacking either of these factors died in embryonal stage
from abnormal vascularization.

Angiogenesis consists of formation of new capillaries by
two processes: one by splitting of a native vascular struc-
ture, also known asintussusception, and the other by sprout-
ing. Splitting requires the proliferation of endothelial cells
inside the existing vessels. This process can be induced
either by formation of transcapillary pillars (folding capil-
lary walls) that eventually tear the native vessels or by direct
action of proteases that degrade the wall enzymatically. In
the site of injury, a new vessel can be formed.

Sprouting occurs when endothelial cellsfrom the origina
cluster migrate through the basement membrane of the ves-
sel wall, invade the surrounding tissue, anchor in a new
place, and proliferate. In both instances, before any move,
endothelial cells release proteases that remodel ECM, thus
facilitating translocation of cells from the parent venule.
Lack of synthesis or inhibition of collagen-degrading
enzyme prevents new vessel formation. Indeed, mice defi-
cient in MMP-2 (gelatinase A, degrades collagen) had
reduced retinal angiogenesis.

It has been recently proposed that postnatal vasculogen-
esis originates from endothelial progenitor cells differenti-
ated from bone marrow stem or precursor cells. Angioblasts
were found in and isolated from the peripheral blood of
adult species, and the series of transplantation experiments
revealed that they maintained specific endothelial cell fea-
tures and were eventually incorporated into foci of neo-
vascularization. Matrix metalloproteinase-9 (MMP-9,
gelatinase B), induced in bone marrow cells, mediated the
transfer of endothelial and hematopoietic stem cells from
the quiescent to proliferative niche by releasing soluble
Kit-ligand, a specific signal that induced stem cells to dif-
ferentiate and mobilize to circulation [10].

Although the nature of the triggering signal in the angio-
genic sprouting remains unknown, it is known that angio-
genic stimuli, such as fibroblast growth factor (FGF),
vascular endothelial cell growth factor (VEGF), or vascular
permeability factor (VPF), are the most potent inducers of
MMP synthesis in endothelia cells. Additionally to growth
factors and cytokines, modifying action of other molecules
has been reported. These molecules are side products or
intermediates of proteolytic cleavage of ECM proteins
(matrikines), and cryptic segments within larger proteins
revealed by conformational changes or partial hydrolysis
(matricryptins). Among this group of mediators of angio-
genesis, some are worth mentioning: angiostatin and kringle
5 (proteolytic fragments of plasminogen), endostatin and
restin (proteolytic fragments of collagen XVIII an XV), the
16kDa N-terminal fragment of prolactin, an N-terminally
truncated platelet factor 4 (PF4), vasostatin originating
from calreticulin, kininostatin corresponding to the high-
molecular-weight kininogen domain 5, the cleaved form
of the serpin antithrombin (AT), a noncatalytic carboxy-

terminal hemopexin-like domain of MMP-2 (also known as
PEX), several noncollagenous domains from type IV colla
gen, thrombospondins, secreted protein acidic rich in cys-
teine (SPARC), and anastellin corresponding to thefirst type
[11 repeat in fibronectin [11].

Under physiological conditions, new vessel formation is
a process triggered by signals from neighbor cells or ECM,
balanced by MMP synthesis, activation and inactivation
mechanisms, and modulated by tissues or blood flow or
blood products, depending on or benefiting from a well-
maintained circulatory system. The lack of appropriate
inhibition at any level results in excessive expression or
overactivity of the MMPs and causes pathological states.
The most severe pathological states are tumors, cancer,
arthritis, atherosclerosis, nephritis, tissue ulcers, and fibro-
sis. For instance, there is evidence that MMP-2 is involved
in the switch to the angiogenic phenotype, one of the earli-
est events during the transition of a tumor from the preneo-
plastic to the tumorigenic phenotype.

MMPs and Pulmonary Vascular Diseases

MMPs have been extensively involved in pulmonary
diseases, including interstitial lung disease, emphysema,
asthma, and in the context of this review, pulmonary hyper-
tension. Pulmonary hypertension concerns the elevation of
pulmonary artery pressures above 25mmHg mean pul-
monary artery pressures. Pulmonary hypertension may
occur as an idiopathic disease, known historically as pri-
mary pulmonary hypertension (or, currently, as idiopathic
pulmonary hypertension), or associated with underlying
clinical conditions such as congenital heart malformations
with left-to-right shunting, collagen vascular diseases,
HIV infection, liver diseases, interstitial lung processes,
or chronic obstructive pulmonary disease. Clinically, pul-
monary hypertension can be divided as mild to moderate,
when the pulmonary artery pressures rise to levels not more
than 40 to 45mmHg, and severe, if the pressures are equiv-
alent to those in the systemic circulation. The severe forms
of pulmonary hypertension ultimately kill asaresult of right
heart failure. The underlying morphological basis of pul-
monary hypertension is an alteration in the number or size
of medial, smooth muscle cells (hyperplasia or hypertrophy,
respectively), and in growth of myofibroblasts into the
intima. In a selected group of patients with severe disease,
endothelial cells undergo growth, forming plexiform
lesions. In aggregate, these cellular alterations are known as
pulmonary vascular remodeling.

Degradation of components of ECM releases matrix-
bound growth factors or creates fragments originated from
degraded matrix proteins, resulting in biologically active
mediators. The integrated action of these growth factors or
active protein fragments may induce vascular cell growth
and vascular remodeling. Increased elastolytic activity in
pulmonary arteries was postul ated as a potential mechanism
leading to pulmonary vascular remodeling. Experimental
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pulmonary hypertension caused by monocrotaline, an alka
loid that causes pulmonary artery endothelial cell injury and
pulmonary hypertension, was associated with enhanced
elastolytic activity. Similar observations were then extended
to the chronic hypoxia model of pulmonary hypertension.
The mediator of this elastolytic activity appeared to be a ser-
ine protease caled endogenous vascular elastase, and if
blocked with an elastase inhibitor, pulmonary hypertension
was prevented [12].

The interaction between the action of the vascular elas-
tase and MMPs was further dissected in studies employing
pulmonary arteries of pulmonary hypertensive lungs caused
by monaocrotaline, grown in organ cultures. These explants
demonstrated increased gelatinase activity (mostly MMP2),
which could be blocked by treatment with the broad-
spectrum MMP inhibitor GM6001. GM6001 also inhibited
tenascin (a growth factor for smooth muscle cells) expres-
sion, increased vascular cell apoptosis, decreased cell pro-
liferation, and finally, caused a reduction of medial
thickness [12]. This line of work agrees with other hypothe-
ses. It is proposed that, during chronic hypoxia, pulmonary
arteries undergo cycles of extracellular collagen synthesis
and degradation, ultimately contributing to pulmonary vas-
cular remodeling. Pulmonary vascular oxidative stress with
formation of peroxynitrite can induce MMP activation, such
as of MMP-1, -2, -8, and -9. There is evidence of oxidative
stress in experimental hypoxic pulmonary hypertension and
in pulmonary arteries of patients with idiopathic pulmonary
hypertension [13]. Also, there is evidence that chronic
hypoxia activates MMP-2 and MMP-13, which might
degrade elastin and fibrillar collagen, respectively. The
corollary of this paradigm is the protection against pul-
monary hypertension and pulmonary vascular remodeling
afforded by the MMP inhibitor Batismat. In summary, these
data ascribe a pathogenetic role for serine proteases and
MMPs in the process of pulmonary vascular remodeling,
which is most pertinent to the monocrotaline model of pul-
monary hypertension.

However, other investigations revealed a diametrically
opposite function for MMPs in pulmonary vascular remod-
eling associated with pulmonary hypertension. Armed with
the rationale that regression of pulmonary vascular remod-
eling requires proteolytic processing of the ECM in pul-
monary arteries, Vieillard-Baron et al. demonstrated that
TIMP-1 inhibition of MMPs worsened hypoxia-induced
pulmonary hypertension. It is difficult to pinpoint the cause
of this discrepancy with regard to the pathobiological
importance of matrix proteases in pulmonary vascular
remodeling, but it is conceivable that TIMP-1 may have an
unforeseen effect on pulmonary vascular remodeling that is
independent of its MMP-inhibitory effect.

Conclusion

MMPs and matrix proteases are critical effectors of cell
responses. This function is ever more pertinent to dynamic

states in which cells have to interact with their surrounding
matrix to perform physiologic functions, or in disease states.
Blood vessels undergo dynamic changes of their component
cells to adapt to stresses or maladapt and cause disease.
MMPs are intimately involved in these processes, but as
apparent with the data presented herein, manipulation of
MMP activity to modify the course of diseases may lead to
adverse and unforeseen consequences.

Glossary

Metalloproteases: Protein molecules (enzymes) that require the pres-
ence of metal ion bound to their sequence to maintain a proper structure
that allows their functional activity. The main function of metalloproteases
isto activate or to inactivate (inhibit) other proteins (substrates), usualy by
cutting off one or more of their fragments.

Multidomain structure: Domains are regions in a protein
molecule that are determined by amino-acid sequence and that form
defined, functionally distinct units. Thus, multidomain structure is spec-
ific for and characterizes a particular protein. If several proteins have sim-
ilar multidomain structure, it means these proteins may also have similar
functions.
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CHAPTER 7/

VEGF-A and Its |soforms

Eric B. Finkelstein and PatriciaA. D’Amore
Schepens Eye Research Institute, Harvard Medical School, Boston, Massachusetts

Vascular endothelial growth factor-A (VEGF) is one of
the most important regulators of physiological and patho-
logical angiogenesis, as demonstrated by genetic studies in
which deletion of a single VEGF allele resulted in embry-
onic lethality caused by defective blood vessel formation.
VEGF is an endothelia cell (EC) mitogen that serves as a
mediator of angiogenesis and vessel permeability. As such,
VEGF is essentia for tumor growth and angiogenesisand is
involved in ocular neovascularization characteristic of dia-
betic retinopathy and retinopathy of prematurity. VEGF
belongs to a family of growth factors that includes VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental
growth factor (PIGF). This chapter focuses on isoforms of
VEGF-A resulting from alternative splicing. Therefore,
throughout the text, VEGF-A will be referred to as VEGF.

VEGF is active as a homodimer by binding two receptor
tyrosine kinases: VEGF receptor-1 (VEGFR1; Flt-1) and
VEGEF receptor-2 (VEGFR2; Fkl-1; KDR). VEGFR2 is pri-
marily associated with the mitogenic and angiogenic activi-
ties of VEGF, whereas VEGFRL is thought to be areservoir
for VEGF in solution, thereby regulating its availability.
VEGEF activity is regulated on many levels, including tran-
scriptionally by cytokines and oxygen tension, and by alter-
native splicing of the VEGF gene to produce multiple
isoforms that differ in their bioavailability and bioactivity.
Increasing evidence suggests that VEGF isoform levels may
be a major mechanism by which VEGF activity can be reg-
ulated physiologically and pathologically.

VEGF Isoform Structure

The VEGF geneis comprised of eight exons separated by
seven introns (Figure 1). Exons one through five and eight
are common to al isoforms. The first five exons encode for
domainsinvolved in a-helical dimerization, asignal peptide
cleaved following secretion (exons 1 and 2), and sites for

VEGFR1 (exon 3) and VEGFR2 (exon 4) binding (Robin-
son and Stringer, 2001). VEGF is dternatively spliced to
produce several isoforms that vary in amino acid number in
all species studied to date (Table 1). Variability among the
isoforms results from the inclusion of exons six and/or
seven (Figure 1).

The most abundant human isoform in most tissues is
VEGF165, and as aresult, the most is known about this iso-
form. There have been several studies of VEGF145 and
VEGF121, but few have focused on VEGF189 or VEGF206
because of their low abundance and reported difficulties
producing them in pure form. Many of the studies described
in the following sections have utilized recombinant human
VEGF121 or VEGF165, whereas studies of VEGF189 or
VEGF206 have utilized in vitro—produced extracellular
matrix (ECM), to which these isoforms are bound.

Several additional VEGF isoforms have been described,
including murine VEGF115 (Robinson and Stringer, 2001),
expressed in immortalized fibroblasts, with 37 novel car-
boxyl-terminal amino acids relative to VEGF120. Human
VEGF183 uses an adternative splice donor site 18
nucleotides upstream of the common splice site between
exons 6a and 6b, which results in six less amino acids than
VEGF189 [1]. Other isoforms have been reported, including
VEGF162 with angiogenic activity, VEGF165b that may
negatively regulate VEGF165, and VEGF148 with
unknown biological activity. The significance of these iso-
forms awaits further investigation.

VEGF and the ECM

I nteractions with HSPG and the ECM

VEGF isoforms have variable affinities for heparan sul-
fate proteoglycans (HSPGs) on the cell surface and/or
within the ECM (Robinson and Stringer, 2001). VEGF121
has lowest affinity, VEGF145 and VEGF165 have similar

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 Isoforms of Human VEGF-A Generated by Alternative Splicing. Alternative splicing
of human VEGF-A has been reported to generate severa isoforms. These isoforms differ by the
inclusion or exclusion of domains encoded by exons six and seven. The location of a signal peptide
and VEGF receptor (VEGFR1 and VEGFR2) binding sites common to al isoforms are indicated on
VEGF206. HSPG hinding sites common to isoforms with exons six and seven are indicated (*), as
is the neuropilin-1 binding site (NP-1). Finally, arrows indicate sites of potential proteolytic pro-
cessing by either plasmin or uPA. The exons and number of amino acids in each exon is indicated at

the bottom of the figure.

Tablel VEGF Isoformsfrom Alternative Tablell Biochemical Properties of Human
Splicing in Species Studied to Date. VEGF I soforms.
Species VEGF-A Isoforms (number of amino acids) Isoform  Exons MW (kDa)  Acidicor basic  Heparin
binding
Human 121, 145, 165, 183, 189, 206
Quail 122, 146, 166, 190 145 1-5,62 8 41 yes
Bovine 120, 164 183 1-5,6a*, 7,8 46 yes
189 1-5,6a7,8 52 basic yes
206 1-5,6a 6b,7,8 ~60 basic yes

affinities, and VEGF189 and VEGF206 have the highest
affinities for HSPG (and heparin in vitro) (Table Il). The
high affinity of VEGF189 and VEGF206 is a result of the
presence of exons 6 and 7, which mediate binding to HSPGs
(Figure 1). Exon 6a in VEGF145 mediates ECM binding
independent of HSPGs because of a cell surface retention
sequence. The affinity of a VEGF isoform for HSPGs is
directly correlated with its diffusibility (Figure 2). As a
result, the smallest isoform (VEGF121) is secreted and
freely diffusible. Approximately 50 percent of intermediate-
sized isoforms (VEGF145 and VEGF165) diffuse from pro-
ducing cells (based on their presence in conditioned media),
whereas the remainder are cell and/or ECM associated.
Finally, the largest isoforms (VEGF189 and VEGF206) are
secreted from producing cells but completely sequestered
within the ECM with low amounts bound to the cell surface

Molecular weight (MW) based on the sum of monomer band sizes.
* indicates that exon 6ais truncated.

(Figure 2). Similar to VEGF189 and VEGF206, most of
VEGF183 remains bound to the cell surface [1], suggesting
it has a high affinity for HSPGs. Although most of the iso-
forms can bind HSPG and/or the cell surface, they can be
released as soluble, biologically active molecules.

Release of VEGF from the ECM

Addition of heparin to cells stably expressing VEGF165
resulted in atwo- to fourfold increase in the level of VEGF
in conditioned media. Therefore, VEGF165 can be released
from the cell surface and/or ECM by heparin. A similar



CHAPTER 7 VEGF-A and Its Isoforms

43

Figure 2 Diffusibility or Cell-Association of VEGF Isoforms. VEGF is depicted as being pro-
duced by an epithelial cell layer and diffusing towards endothelial cells, where it binds to the neu-
ropilins (NP-1 or NP-2) or to VEGF receptors (VEGFR1 or VEGFR?2). VEGF isoforms are diffusible
to different degrees, with VEGF121 completely diffusible, while VEGF189 (or VEGF183) and
VEGF206 remain bound to the cell surface and/or within the extracellular matrix. VEGF189 (and
206) can be cleaved by plasmin to generate a diffusible form, VEGF110.

effect was observed for heparinase. All VEGF isoforms
within the ECM or on the cell surface can be rapidly
released by proteolytic cleavage with plasmin, a serine pro-
tease (Robinson and Stringer, 2001). Plasmin cleavage pro-
duces a 110 amino acid (aa) fragment (Figure 2) that can
bind VEGFR2 but not heparin. This 110aa fragment is
active as an EC mitogen and vascular permesbility factor
similar to VEGF121, with activity reduced fiftyfold relative
to VEGF165. Plasmin cleavage results in a second smaller,
heparin-binding fragment without mitogenic activity
because the VEGF receptor-binding domains are absent.
Thus, the carboxyl-terminal heparin-binding domains of
VEGF are essential for full mitogenic activity, astheir dele-
tion by proteolytic cleavage or aternative splicing signifi-
cantly reduces activity. VEGF189 and perhaps VEGF183
and VEGF206 are also processed by the serine protease
urokinase type plasminogen activator (UPA) near the car-
boxyl terminus of the domain encoded by exon six. This
results in a truncated VEGF (UPA-VEGF189) with activity
similar to native VEGF165. These processing steps are
required for mitogenic activity and binding toVEGFR2, but
not for binding to VEGFRL.

VEGF-Receptor Interactions

In addition to modulating isoform bioavailability, heparin
can alter bioactivity through the VEGF receptors. Low con-
centrations of heparin can enhance binding of VEGF165 to
VEGFR2, while high concentrations of heparin can inhibit

this interaction. Binding of VEGF121 to VEGFR2 is un-
affected by heparin. Heparin can inhibit interactions of
VEGF121 and VEGF165 with VEGFR1, suggesting that
HSPGs are necessary for VEGFRL activity. In addition to
heparin, exon seven of VEGF hinds a class of receptors,
known as neuropilins (Figure 1; neuropilin-1: NP-1; neu-
ropilin-2: NP-2). NP-1 binds VEGF165 but not VEGF121,
and is thought to serve as a VEGF coreceptor to potentiate
signaling through VEGFR2. As such, NP-1 has a lower
affinity for VEGF than VEGFR2. In support of the corecep-
tor concept, a peptide corresponding to exon seven can
inhibit VEGF165 activity by approximately 60 percent (to a
level similar to VEGF121) likely by blocking VEGF-NP-1
interactions [2]. NP-2 binds VEGF165 and VEGF145 and
can mediate VEGF145 signaling.

| soform Expression

In human tissues, VEGF121, VEGF165, and VEGF183
are expressed in virtually all cell types examined, with the
notable exception of EC. VEGF145 isrestricted to cell lines
derived from female reproductive tract carcinomas and the
placenta, and VEGF206, originally isolated from a fetal
liver cDNA library, has been found in the placenta.

Investigation of VEGF isoform expression during murine
development suggested that the isoforms are developmen-
tally regulated. Quantitative analysis of isoform expression
in developing and adult murine tissues revealed that while
al VEGF isoforms are expressed in embryonic mouse
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organs, the relative levels of each isoform varied from organ
to organ over developmental time [3]. In the developing
lung, heart, and liver, VEGF188 levels increased from
embryonic day 13 to day 18 to account for more than 50 per-
cent of the total VEGF mRNA, and remained high in the
adult. In contrast, there were only dlight increases in
VEGF120 and VEGF164. Little VEGF188 was expressed
in the developing or adult brain, with no change detected. In
adult organs, lung had the highest relative level of
VEGF188, while eye, small intestine, and ovary had the
lowest VEGF188 level. VEGF164 was predominant in
brain, muscle, eye, and kidney. Finally, VEGF120 was high-
est in uterus, skin, and ovary [3]. Differences in expression
levels of VEGF isoformsin developing and adult organs are
an indication that the isoforms have specific functions dur-
ing developmental and adult angiogenesis.

| soform Function

In Vitro Bioactivity

All VEGF isoforms, including the cell-associated forms,
are active as EC mitogens by signaling through VEGFR2.
Recombinant VEGF189 and VEGF206 are unable to stimu-
late endothelial cell mitogenesis, because of protein folding
that masks regions necessary for receptor binding. However,
ECM derived from cells expressing VEGF189 or VEGF206
induces EC to proliferate, demonstrating that VEGF trapped
in the ECM is an active mitogen.

In Vivo Bioactivity: Developmental

The first definitive demonstration that the various VEGF
isoforms serve distinct functions in vivo was provided by
analysis of mice that were engineered to express single
VEGF isoforms [4]. Earlier analysis of VEGF isoform
expression in adult tissues indicated that heart and lung
expressed the highest levels of VEGF188. Consistent with
this observation, mice that express only the soluble
VEGF120 are born at a reduced frequency (indicating
embryonic lethality), and those that develop to term die rap-
idly after birth as aresult of defective pulmonary and/or car-
diac development. Analysis of vessel density in a limited
number of mice that lived up to two weeks revealed that
whereas vessel density in wild-type mice increased three-
fold within aweek following birth, there was no increase in
vessel density in VEGF 120/120 over the same time frame.
These results demonstrate that the isoforms are in fact
functionally distinct. In particular, these data illustrate
that VEGF120 is not able to substitute for the missing
VEGF188. Although the mechanistic explanation for the
resulting developmental abnormalities has not been eluci-
dated, it is appealing to speculate that expression of an iso-
form that is entirely soluble (i.e., has no capacity to bind to
matrix) may be ineffective in establishing a gradient that is
necessary to induce postnatal angiogenesis.

Pulmonary development was also markedly defective in
VEGF120/120 mice. These mice have delayed airspace
development, and quantitation of air-blood barriers
revealed that the 120/120 mice not only had as few as 30
percent of the air—blood barriers as their wild-type litter-
mates, but that the architecture of barrier structures was
abnormal. Whereas in the normal air-blood interface the
pulmonary epithelium is closely apposed to the capillary
endothelium, the pulmonary capillaries in the VEGF120/
120 mice were separated from the alveolar lumens by up to
three cell layers. Interestingly, the heterozygous (120/+)
mice display intermediate phenotypes.

Although these observations indicate distinct functions
for the individual isoforms, they do not clarify the mecha
nisms whereby these different functions are mediated. Some
insight into the possible means by which the isoforms act is
provided by localization studies. VEGF isoform production
in the lung appears to be developmentally regulated [3],
with VEGF188 levels relatively low until it dramatically
increases at around embryonic day 16, the late canalicular
and late saccular phases of lung development, when aveo-
lar structures are forming. In addition to the temporal corre-
lation between VEGF synthesis and pulmonary capillary
formation, there is a clear spatial correlation. In situ
hybridization has shown that VEGF is produced specifically
by the type 2 pneumocytes, cells intimately associated with
the forming vasculature. These findings strongly indicate
that the intimate association between the source of the
VEGF and the target cells directs the formation of the
blood—air barrier. Furthermore, the fact that a majority of
the VEGF produced by the pulmonary epithelium is
VEGF188, an isoform that is not freely diffusible but
remains locally segquestered, adds further strength to this
hypothesis of the paracrine regulation of alveolar formation.

Abnormalities in the formation of other tissues and
organs have been described in the isoform-specific mice.
Retinal vascularization in mice that express only VEGF120
isseverely impaired; thereis adramatic reduction in the for-
mation of the primitive vascular network, reduced remodel -
ing, and a persistence of the hyaloid vasculature [5]. Mice
expressing only VEGF188 aso exhibit abnormal retina
vascularization. Although the primitive vessel plexusis nor-
mal at postnatal day 3 (P3), vessel number isreduced by half
only two days later (P5), with ephrin staining indicating a
loss of the arterial component. As for the VEGF120 mice, a
persistent hyaloid vasculature appears to migrate into the
retina by P9, perhaps compensating for the regression of the
arteries. More recent investigations into the relative contri-
bution of VEGF isoforms to pathologic retinal neovascular-
ization have revealed that retinal vessel development is
normal in VEGF120/188 (VEGF164-deficient) mice [6].

The relative contribution of the various VEGF isoforms
to skeletogenesis has also been investigated. Analysis of
mice expressing only VEGF120 leads to the suggestion that
VEGF is involved in at least three aspects of bone forma-
tion, including vessel ingrowth into the perichondrium and
primary ossification center, stimulation of vessel growth and
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osteoclast migration into hypertrophic cartilage, and induc-
tion of osteoblast activity in both intramembranous and
endochondronal bones[7].

Thus, VEGF isoforms appear to play critica and rate-
limiting roles in the formation of awide range of tissues and
organs. The continued, tissue-specific expression of VEGF
isoforms in adult organs [3] suggests that these functions
may persist in mature organs and tissues.

In Vivo Bioactivity: Pathologic Models

To date, there have been few comparative studies on the
function of VEGF isoforms, but differences clearly exist.
Overexpression of VEGF121 and VEGF165 in a brain
tumor model led to rapid vessel growth and breakdown
(hemorrhage) around tumors, whereas VEGF189 overex-
pression led to tumors with a similar extent of vasculariza-
tion as the other isoforms, but no hemorrhage [8].

Tumor cell lines expressing a single mouse VEGF iso-
form have been used to study the role of the isoforms
during tumorigenesis [9]. VEGF-null fibroblasts were
immortalized by transfection with SV40 large T antigen and
transformed by infection with H-ras. The fibroblasts were
then infected with plasmids encoding individual VEGF iso-
forms under control of the CMV promoter and used to gen-
erate fibrosarcomas in mice. Relative to VEGF-null cells
that formed small, poorly vascularized tumors, VEGF164-
expressing transformed fibroblasts completely rescued
tumor growth, VEGF188 failed to rescue tumor growth,
and VEGF120 had a partial effect. However, athough
VEGF188 did not rescue tumor growth, tumors were more
vascularized compared to VEGF120 tumors[9]. The authors
proposed a model in which the isoforms act cooperatively
during tumor vascularization with soluble forms acting at a
distance to promote blood vessel recruitment, while ECM-
bound forms act locally to expand the capillary bed within
the tumor [9].

These results and others suggest that VEGF-A isoforms
have different abilities to induce vascularization, tumor
growth, and blood vessel leakiness in multiple models.
However, all models to date have utilized overexpression
systems with VEGF under the control of nonphysiological
promoters such as the CMV promoter. Therefore, although
these results strongly indicate differential functions for
VEGF isoforms, the absence of endogeneous VEGF regula-
tory elements makes the data difficult to extrapolate. Devel-
opment of modelsin which VEGF is under the control of its
endogeneous regulatory elements would greatly enhance
our understanding of the contribution of VEGF isoforms
to vascularization during developmental and pathological
processes.

Overexpression is not an issue in studies that have uti-
lized mice that express single VEGF isoforms. A second set
of pathologies in which VEGF isoform function has been
studied is ocular neovascularization, including diabetic
retinopathy and retinopathy of prematurity, two leading
causes of blindness in which ischemia leads to aberrant

retinal blood vessel proliferation. One study utilized mice
that express single VEGF isoforms (see above). VEGF164
is derived from leukocytes, is more proinflammatory than
VEGF120, and is preferentially induced during ocular neo-
vascularization [6]. Using a mouse model of retinopathy of
prematurity, it was found that administration of aVEGF164-
specific neutralizing reagent (aptamer) blocks leukocyte
adhesion and pathologic neovascularization, with no effect
on retinal revascularization or physiological (developmen-
tal) neovascularization [6]. When all VEGF isoforms were
blocked, revascularization and physiological neovascular-
ization were al so affected. In mice with only VEGF120 and
VEGF188 (VEGF164-deficient), retinal development was
normal, similar to the aptamer results, suggesting that
VEGF164 has a primary role in pathologic but not develop-
mental vessel growth [6]. These data suggest that VEGF164
is essential for pathological retinal neovascularization, but
not physiological revascularization, which can progress
under the influence of only VEGF120 and VEGF188. Thus,
in this ocular angiogenesis model, an inhibitor specific for
VEGF164 has been developed, which eliminates the fea-
tures of pathological neovascularization (i.e. leukocyte
adhesion, vascular tufts) while allowing the ischemic retina
to become revascularized normally.

Conclusion

It is clear that the VEGF isoforms differ in their bio-
chemical properties. Analysis of several model systems has
demonstrated that individual isoforms can differentialy
affect both developmental and pathological angiogenesis.
Further work is necessary to elucidate the precise roles of
each isoform. Such work may eventually make it possible to
specifically target individual isoforms during pathological
angiogenesis.

Glossary

CMV: Cytomegalovirus promoter, a ubiquitous, strong promoter often
used in overexpression studies.

Exons. The coding sequences of genes. In mammalian cells, exons
within genes are interrupted by introns, which are noncoding seguences.

HSPGs. Heparin sulfate proteoglycans.

Ischemia: A condition in which tissues become oxygen deficient as a
result of several pathological conditions. As aresult, the tissue is relatively
hypoxic, leading to upregulation of the VEGF gene.

Isoforms. Different forms of aprotein, derived from asingle gene that
result from alternative splicing.
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Introduction

When William Harvey boldly challenged centuries of
medical orthodoxy in 1628 by proclaiming that blood circu-
lated throughout the body, he still had trouble explaining
one critical concept: how arteries actually connected to
veins. For with no way to magnify the vessels, all the great
experimenter could conjure up was the old idea that there
must be some sort of vascular pores arterial blood seeped
through [1]. The Italian anatomist, Marcello Malpighi, was
therefore quite surprised just 30 years later when he trained
the lens of his new-found microscope onto the fine vascular
architecture of afrog's lung and found not pores, as he had
expected, but rather an entirely new class of veritable
microvessels—which became known as “capillaries’—as
the definitive connection shuttling blood between arteries
and veins [2].

For more than 300 years, scientists have understood
capillaries to be just as Malpighi described them that day in
Bologna—as a third class of blood vessels distinct in form
and function from their arterial and venous counterparts.
However, recent research on a novel class of cell-signaling
molecules known as ephrins, some of which reliably mark
either arteries or veins on a molecular level, suggests that
this traditional view of capillaries may no longer be suffi-
cient, as capillary vessels seem to exhibit clear arterial-
venous identities of their own. These identities are defined
by the differential expression of members of the Ephrin-B
family down to the level of the smallest microvessels,
demonstrating that the microvasculature, far from just
being a homogenous collection of nonarterial, nonvenous
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capillaries linking arterioles to venules, consists rather of
two discrete arterial and venous continuums; the arterial
microcirculation and the venous microcirculation. These
new observations of arterial and venous microcirculatory
identities likely reflect previously uncharacterized genetic,
morphologic, and functional differences within the
microvasculature, and should provide a novel conceptual
framework for the study of vascular biology and the treat-
ment of angiogenesis-dependent disease.

Cell Signaling via Ephrins and
Eph Receptors

The ephrins, and their Eph receptors, are a novel class of
proteins that enable cells to send signals to one another.
Although long known to be key mediatorsin brain formation,
ephrin signaling is also essentia for the proper development
of new blood vessels. Because some subsets of these impor-
tant signaling molecules exhibit the additional property of
localizing exclusively either to arteries or veins, ephrins have
also begun to serve as the first reliable molecular marker
capable of distinguishing arterial from venous identity.

In 1987 researchers working with erythropoietin-
producing hepatocellular carcinoma cells happened to dis-
cover a new kind of tyrosine kinase receptor, which they
accordingly named the Eph receptor [3]. With 15 subtypes
subsequently identified (EphA1-9 and EphB1-6), Eph
receptors now congtitute the largest family of tyrosine
kinase receptorsin vertebrates[4]. Tyrosine kinase receptors
participate broadly in many pathways controlling cell

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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growth and differentiation. Unlike traditional tyrosine
kinases, however, where soluble hormones and growth fac-
tors travel as ligands from cells much farther away, ephrin
ligands are bound to the cell surface and can activate Eph
receptors on neighboring cells only when their mutual cell
membranes draw close enough to interact. As a result,
Ephrin/Eph receptor signaling is particularly well-suited for
mediating physical cell-to-cell interactions such asrepulsion
and attraction.

Ephrin ligands are classified into two groups: Ephrin-As
and Ephrin-Bs. The six known Ephrin-As are tethered to the
cell membrane by a chemical moiety known as the glyco-
sylphosphatidyl inositol (GPI) anchor. The three Ephrin-B
ligands, on the other hand, extend both inside and outside
the cell as transmembrane proteins with active cytoplasmic
tails. In general, EphA receptorstend to bind Ephrin-As, and
EphB receptors bind to Ephrin-Bs.

Even more unusually for tyrosine kinase-based systems,
ephrin ligands can also function as receptors unto them-
selves, thereby enabling a unique mode of two-way, bidi-
rectional signaling between neighboring cells. The bipartite
structure of the Ephrin-B protein particularly lends itself to
this duel function, with its extracellular portion serving as
the ligand to activate “forward” signaling in Eph-expressing
cells, while its cytoplasmic tail controls “reverse” signaling
within its own cell [5]. The mechanism for how Ephrin-A
ligands may also participate in reverse signaling is, how-
ever, unknown.

In neural development, where most Ephrin/Eph research
originaly concentrated, Ephrin/Eph cell-to-cell signaling
has proven to be fundamental to the way axons, the signal-
carrying end of nerve cells, navigate their way to specific
locations in the nervous system. The best-studied model is
one called the retinal-tectal projection, in which axons from
visua neurons in the retina migrate to an important visual
relay center in a part of the brainstem known as the tectum
(the superior colliculus in humans). The axons appear to
navigate by way of particular gradients, where, for instance,
different EphA receptor concentrations influence anterior/
posterior mapping and various EphBs affect dorsal/ventral
patterning. Ephrin/Eph signaling exerts its effects by medi-
ating repulsion and attraction between neurons within these
gradients. Axonal migration in other parts of the brain also
relies, in part, on Ephrin/Eph signaling, as does neural crest
cell migration in the early embryo [6]. The very recent
observations that EphB receptors also function in the adult
brain beside excitatory NMDA glutamate receptors, and
may even affect synaptic plasticity, could suggest an addi-
tional, and as-of-yet uncharacterized, role for Ephrin/Eph
receptors in higher-order processes such as memory forma-
tion aswell [7].

Angiogenesis Requires Ephrin Signaling

In the vasculature, ephrins are essential to the proper
development of new blood vessels, particularly in the

process of angiogenesis, where new vesselsform from exist-
ing vascular templates. Although the mechanism remains
unknown for how ephrin signaling actually influences
angiogenesis, a role mediating attraction and repulsion
between developing arteries and veinsis strongly suspected.

Blood vessels form embryonically in two discrete stages.
During vasculogenesis, endothelial cell precursorsfirst form
into a crude template known asthe primary capillary plexus,
which serves as the first branches of the future vascular tree.
In the subsequent process of angiogenesis, this plexus then
remodels into a mature vascular network by sprouting off
new vessels and pruning others, with the balance between
pro- and antiangiogenic factors as the guide. This angio-
genic developmental program can be physiologically reacti-
vated when needed, as in wound repair and menstruation,
but it can also be pathologically co-opted in many diseases.
As Judah Folkman first proposed in the early 1970s, most
solid tumors, for instance, must recruit their own blood
supply from the host using angiogenic factors in order
to grow larger than 1 to 2 millimeters in size [8]. Many
other diseases are also increasingly being recognized as
angiogenic-dependent, including macular degeneration,
endometriosis, and rheumatoid arthritis, and others like pso-
riasis al'so appear to have strong angiogenic components to
their pathophysiology. Ephrin-signaling may play arole in
most, if not all, of these physiologic and pathologic forms of
angiogenesis, and may therefore prove to be an important
and novel target for the treatment of angiogenic-dependent
diseases.

Most notably, in a 1998 report by Wang, targeted muta-
genesis of vascular Ephrin-B2 in a mouse model proved to
be lethal at embryonic day 11 because of defects in angio-
genesis. Because Ephrin-B2 localizes to arteries as opposed
to veins, whereas its EphB4 receptor sits primarily on
venous cells, the hypothesis began to emerge that Ephrin-
B2/EphB4 signaling between nascent arteries and veins is
required for angiogenesis to proceed properly in murine
development [9]. This model received even more experi-
mental support when Gerety and Wang subsequently
revealed that EphB4 mutant mice had exactly the same
defective-angiogenic phenotype as the Ephrin-B2 mutants
[10]. The question remained, however, whether Ephrin-B2
on endothelial cells as well as smooth muscle mesenchymal
cells were both necessary for mediating angiogenesis.
To distinguish between their relative roles, Gerety and
Anderson crossed Tie2-Cre mice with Ephrin-B2/lox mice
to selectively knock out Ephrin-B2 in endothelial cells.
What they discovered was that the endothelial cell—specific
knockout led to angiogenic defects which were “indistin-
guishable” from the conventional combined endothelial and
mesenchymal Ephrin-B2 knockout, demonstrating that the
endothelial expression of Ephrin-B2 alone is necessary and
sufficient for its angiogenic funciton [11]. The role of
Ephrin-B2 signaling in the pathologic angiogenesis of
tumors is as of yet unknown, but if it mediates signaling
between developing arteries and veins in the nascent tumor
vasculature, much like its postulated role in development,
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blocking arterial Ephrin-B2 may be a potent antiangiogenic
therapeutic target.

Members of the Ephrin-A family also appear to play a
direct role in mediating angiogenesis, although through very
different mechanisms. In 1995 Pandey demonstrated that
TNF-a,, a potent proinflammatory as well as proangiogenic
factor, exerts its downstream angiogenic effects by inducing
Ephrin-A1l ligands to bind EphA2 receptors on endothelial
cellsas part of itssignal transduction [12]. More recent stud-
ies suggest that tumor cells often develop the ability to
express Ephrin-Al ligands, which then bind to EphA2
receptors on endothelial cells to help induce angiogenesis.
Accordingly, antibodies targeted to the EphA2 receptor have
been shown to inhibit tumor angiogenesis and tumor growth
in vivo in models of RIP-Tag pancreatic islet cell carcinoma
and 4T1 mammary adenocarcinoma, specifically by block-
ing endothelial cell migration [13]. Whether any other
members of the Ephrin-A family in the vasculature also
contribute to angiogenesis remains to be determined.

Because metastastic potential in most tumors partially
depends on angiogenic potential, Ephrins and their Eph
receptors are also being studied as possible markers of
tumor behavior. Several studies report associations between
certain Eph and Ephrin subtypes in a variety of tumor cell
lines, but more research needs to be done in this area before
any estimations of their utility can be made.

Ephrins Reveal Distinct Arterial and
Venous Microvascular |dentities

Perhaps the most important conceptual role for Ephrins,
however, stems not from what they do, but rather from on
which cells they act. While studying the functional role of
Ephrins in the nervous system, Wang et al. happened to
notice that the Ephrin-B2 ligand localizes to distinct subsets
of blood vessels in the developing mouse embryo. Further
analysis revealed that this staining pattern was a result of
the differential expression of Ephrin-B2 in the arterial, as
opposed to venous, endothelium of the vasculature [9]. Sub-
sequent studies by Shin and Garcia-Cardefia et a. and Gale
et al. went on to demonstrate that this Ephrin-B2 expression
pattern persists into adulthood and extends not just within
the endothelium, but into smooth muscle cells and pericytes
aswell [14, 15]. Most important, they also observed that dif-
ferential arterial Ephrin-B2 expression extends into even the
smallest diameter vessels, suggesting for the first time that
the microvessels of capillary networks may have arterial and
venous identities of their own. This differential expression
was evident in vessels of multiple tissues, including pan-
creas, muscle, fat, kidney glomeruli, brain, liver, adrena
cortex, and adrenal medulla. Intriguingly, Ephrin-B2 also
appears to differentiate arterial from venous vessels in sev-
eral models of both normal and pathological angiogenesis,
including marking subsets of vessels sprouting into the
cornea from the limbus artery in amodel of VEGF-induced

angiogenesis, aswell as subsets of microvesselsin wounded
tissue undergoing healing. Strikingly, approximately half of
the vessels present in the microvascul ature of different types
of mouse tumor models also expressed Ephrin-B2, suggest-
ing that the tumor vasculature may also consist of distinct
arterial and venous microcirculatory components. Taken
together, these studies for the first time challenged the clas-
sical view that quiescent as well as remodeling capillaries
have neither arterial nor venous identities of their own, and
strongly suggested that the expression of Ephrin-B2 may
aso be important for the formation of new vascular
circuitries.

The Implications of a New
Microvascular Paradigm

Since the time of Malpighi in the late 17th century, sci-
entists have understood capillary networks to consist of a
unique class of tiny “hair-like” microvessels linking arteri-
oles to venules. Part of what distinguished capillaries oper-
ationaly from all other vessel types was that they were
neither arterial nor venous and could therefore function as a
vascular crossroads for gas and metabolite exchange at the
tissue level. In the late 1970s and early 1980s, however, a
series of studies out of Czechoslovakia on enzyme histo-
chemistry began to challenge this long-standing presump-
tion of capillary arteria-venous neutrality. In 1979, Lojda
realized that because the enzyme akaline phosphatase his-
tochemically stained arterioles, and dipeptidylpeptidase IV
(DPPIV) highlighted venules, staining for both of these
enzymes together would help illuminate the entire capillary
bed [16]. With this new staining method, Lojda was able to
divide the capillary bed histologically into three distinct por-
tions—an akaline phosphatase section, a DPPIV section,
and a third “transitional” zone in which both enzymes were
present—revealing for the first time molecular differences
within the microvasculature. Throughout the 1980s and
early 1990s, a handful of studies revealed additional evi-
dence of capillary heterogeneity with even more molecular
markers, but these markers only lasted during specific win-
dows of development. Not until the late 1990s did Ephrin-
B2 proveto be the first reliable molecular marker of arterial
identity from the largest down to the smallest vessels and
persisting from development into adulthood. Much like
Lojda’s enzymes, Ephrin-B2 even more clearly maps out
specific subsets of capillaries as arterial versus venous, pro-
viding the strongest challenge yet to the long-standing idea
of capillaries as its own class of nonarterial, nonvenous
blood vessel.

The new picture that is now emerging of microvascular
identity is one of distinct arterial and venous microcircula-
tions. These circulations are defined by the differential
expression of molecular markers such as Ephrin-B2, which
delineate an arterial continuum from arteriesto arterioles, al
the way down to corresponding microarterial capillary seg-
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ments, and a venous continuum extending from veins to
venules to corresponding microvenous capillary segments.
These continuums display their own unique genetic, mor-
phologic, and, perhaps, functional identities, and raise a host
of new questions for the study of vascular biology and
treatment of many human diseases: Why, for instance, do
activated immune cells in the blood escape only through
postcapillary venules and not through arterioles? Many vas-
culitic processes, on the other hand, exhibit specific arteria
versus venous predispositions for the site of inflammation.
Both giant cell and Takayasu's arteritis, for instance, occur
only in large arterial vessels, and Kawasaki's disease in
medium-sized arteries, but the many small-vessel vasculitic
processes, such as microscopic polyangiitis and Wegener’s
granulomatosis, have much less exclusive propensities.
Would more directed studies of these many vasculitic
processes reveal any segregration between microarterial and
microvenous capillary segments and perhaps provide new
clues to their mysterious pathogenic processes? In genetic
disorders such as CADASIL, where mutations in Notch-3
lead to migraines, mood changes, strokes, and, ultimately,
vascular dementia, why are only small arterioles affected?
Are there any corresponding syndromes defined by defects
in the genes of the venous microcirculation? And as the
tumor microvasculature appears to consist of roughly half
microarterial and half microvenous vessels, how important
in the end is arterial and venous identity in forming a func-
tioning tumor vasculature? Similarly, what would happen if
either the arterial or venous development of the tumor vas-
culature were blocked? And do chemotherapeutic or anti-
angiogeneic agents specifically target the arterial or venous
microcirculations? Research into Ephrins is providing the
first window into answering these questions.

Much like Malpighi’s microscopy and its ability to reveal
an entire class of vessels that even William Harvey did not
imagine, the study of Ephrins has begun to serve as the first
example of a 21st-century molecularly-guided microscopy
powerful enough to reveal unexpected heterogeneity within
even Malpighi’s own capillary microvessels. The missing
link in Harvey’s circuit appears to be defined neither by
pores, nor even liminal capillaries, but rather by “micro-
arteries’ and “microveins’ bridging together distinct arterial
and venous circulations.
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Introduction

The following paragraph written by a Malaysian student
studying in America aptly captures the concept of regio-
specific heterogeneity, the topic of the present chapter:

America is not homogeneous, neither is its heterogeneity
immediately apparent. Rather, as so many of my American
friends have been so keen to enlighten me, American people
differ from state to state. The mainstream American culture
of fast-food chains, shopping malls and pop music is there
for the world to see. But it is the only uniting factor across
their vast homeland. A person from lowa is vastly different
from a person from California. Evenin Virginiaaone, those
who lived in the northern part of the state near Washington,
DC are totaly different from those who grew up in central
Virginia where Sweet Briar is located. Taken as a whole,
Americais bursting with ethnic and cultural diversity, but in
reality, it is small pockets of homogeneity that combine to
form a picture of unparalleled heterogeneity.t

The vascular endothelium lines the blood vessels of the
body, and in humans, the estimated number of individual
cells constituting this lining is somewhere on the order of
1-6 x 1013, Like Americans, the mainstream “endothelial
culture” of blood, tissue, and nutrientsistherefor all to note.
These uniting factors do not, however, reveal the vast dif-
ferences of specific circulations [1, 2]. Severa vascular
human diseases are exquisitely restricted to specific types
of vessels. Vasculitis often shows a marked predilection
for specific arteries, veins, or capillaries; tumor cells may
metastasize to selective vascular beds, and atherosclerosisis
generaly restricted to the larger arteries.

Although scientists initially thought the endothelial cell
layer was essentially an inert barrier between the blood and

1 Thoughtfully — penned by a Citizen of the World;
http://www.jellybeans.blogspot.com/2002_12 01 _jellybeans archive.html
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the tissue, this extensive “organ” is now known to carry out
a diverse array of specialized functions which can vary
markedly from one organ to another. Today the endothelium
isviewed as a dynamic, mutable, heterogeneous, distributed
organ with essential secretory, synthetic, metabolic, and
immunologic functions. The picture of “unparalleled hetero-
geneity” isrevealed as follows.

Endothelial Architecture

Endothelial heterogeneity is a term that has been coined
to describe the diversity and regional specificity of endothe-
lial cells at different sites in the vasculature. The concept
that endothelial cells are not identical is not new; variations
in the structure of capillary endothelium led to the first sub-
classification of endothelia cells into “continuous,” “fenes-
trated,” and “discontinuous’ [3, 4] (Figure 1). Endothelia of
the continuous type are the most prevalent and are found in
the walls of arterioles, capillaries, and venules of skeletal,
smooth and cardiac muscle, the mesentery, skin, connective
tissue, lung, brain, and eye, as well as lining the major con-
duit vessels (large arteries, veins). These endothelial cells
are characterized by occluding (tight) junctions. Fenestrated
endothelia are found in the exchange vessels of secretory
and excretory organs such as endocrine and exocrine glands,
in the capillaries lining the gastric mucosa, the glomerular
and peritubular capillaries of the kidney, as well as in the
synovium and choroid plexus. (Actualy, the capillary
endothelial cells of the synovium exhibit a continuous mor-
phology on the side facing away from the synovial fluid and
afenestrated morphology on the opposite side.) Fenestrated
endothelial cells are characterized by numerous small “win-
dows’ (i.e., small transcellular openings ranging from 50 to
80nm in diameter). At the ultrastructural level, differences
in the fine structure of the fenestrae are revealed. In some
organs, the fenestrae appear open; in others the fenestrae are

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 Classification of the endothelial cells of different capillaries according to their continuity. Three main
types are distinguished (i.e., continuous, fenestrated, and discontinuous) and for each, two main varieties are rep-
resented. Little detail is shown because considerable variations exist from organ to organ; in fact, almost each organ
can be said to have its own type of capillary endothelium. The scheme is based on information derived from mam-
malian studies. Panels a, b: The endothelium has no recognizable openings. The low variety (a) is found in stri-
ated muscle, myocardium, central nervous system, smooth muscle of digestive and reproductive systems, and
subcutaneous and adipose tissue. The high variety (b) is typical of the postcapillary venules of the lymph nodes
and thymus; a similar endothelial appearance is also seen in large arteries when they are contracted. Panels ¢, d:
The endothelium has intracellular fenestrae (arrows) either closed (c) as in endocrine glands, choroids plexus, cil-
iary body, and intestinal villus, or open (d) asin the rena glomerulus. Panels e, f: The endothelium are disconti-
nous, containing intercellular gaps. These vessels are often refered to as “sinusoids’ and are typical of liver,
bone marrow, and spleen; in each of these sites, they differ in structural detail. (Reprinted with permission from

Figure 1 [4].)

“closed” by thin, membranous diaphragm-like structures.
Fenestrae are not fixed structures; their frequency and loca
tion can be influenced by cytokines, ischemia reperfusion,
growth factors, and other stimuli. An extreme form of fen-
estrated endothelia, termed discontinuous endothelia, are
found in the sinusoids of the liver, spleen, and bone marrow.
These endothelia have irregular outlines and calibers and
highly fenestrated structures; in the liver, the fenestrae are
often clustered to form sieve plates, and none of the fenes-
trae are closed with diaphragms (Figure 1).

Endothelial Glycocalyx

Endothelial diversity goes far deeper than appearance
alone. In recent years, scientists have begun to appreciate
the breadth of endothelial specialization, at the biochemical,
metabolic, and immunological level. The endothelial sur-
face is a highly specialized feature. This is the “face” the
endothelial cell presents to the nutrients and formed ele-
ments of the blood, and not surprisingly, this surface
exhibits remarkable specificity. One exquisitely localized

property isthe composition of the endothelial glycocalyx, in
which differences have been revealed by the binding pat-
terns of labeled lectins. For example, wheat germ agglutinin
(WGA), when perfused through the vasculature of mice or
rats, will bind to the luminal surface of endothelial cellsin
capillaries and arterioles, but not in venules (Figure 2). This
selectivity isimpressively abrupt; capillary endothelial cells
will bind WGA strongly, whereas immediately adjacent
venular cells do not. WGA interacts with N-acetylglu-
cosamine and sialic acid glycoconjugates; thus the display
of these glycoconjugates is highly regional [6].

Endothelial Lymphocyte and Leukocyte Interactions

The expression of homing receptorsinvolved in lympho-
cyte homing illustrates another aspect of endothelia surface
specificity, providing the so-called “zip code” for cell traf-
ficking. For example, in the mouse, lung-specific endo-
thelial adhesion molecule (LU-ECAM-1) is expressed
exclusively by pulmonary postcapillary endothelial cells
and in some venules in the spleen; mucosal addressin cell
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Venule

Venule

Figure 2 Staining of microvessels in rat trachea by postfixation perfu-
sion of hiotinylated wheat germ agglutinin (WGA) lectin, followed by reac-
tion with DAB peroxidase. WGA lectin binds to the lumina surface of
capillary endothelial cells, but not to that of venular endothelial cells, show-
ing abrupt heterogeneity of cell surface glycosylation. Micrograph shows
WGA binding to an endothelial cell that extends from the capillary into the
postcapillary venule. (Photomicrograph kindly provided by Dr. Gavin
Thurston, Regeneron Pharmaceuticals, Inc.)

adhesion molecule-1 (Mad-CAM-1) is expressed primarily
on high endothelial venules in Peyer's patches; GlyCAM-1
is also restricted to high endothelial venules. Postcapillary
venules are the site of leukocyte adhesion and emigration,
partly because of regio-specific cell adhesion molecule
expression. For example, P-selectin is constitutively
expressed by venular endothelial cellsin most organs,; how-
ever, it is absent or present only at very low concentrations
in arteriolar and capillary endothelia cells. In vivo, the
leukocyte adhesion molecules VCAM-1 and E-selectin are
also selectively expressed by venular endothelial cells when
activated by inflammatory cytokines or other mediators.
Other factors contributing to this “local zip code” include
the selective secretion of certain chemokines, cytokines, and
differencesin shear stress (see following sections for further
discussion of physical forces). Table | summarizes the
expression of several vascular bed—specific endothelia cell
markers.

Vascular Permeability

The early topographic studies of Majno [7] were the first
to recognize that the topical application of histamine or
serotonin to the rat cremaster muscle selectively induced
permeability in the venules. The list of inflammatory medi-
ators that selectively induce venular responses is impres-
sive and includes substance P, leukotriene B4, bradykinin,
tumor necrosis factor, lipopolysaccharide, and ischemia-
reperfusion injury. Moreover, these venular-specific

Table!l Different Markers of Endothelial

Specialization [1, 5].

Marker Preferential Expression

Ephrin-B2 Arterial endothelia cells

P-glycoprotein Brain endothelial cells

(mdr 1a)

Glut-1 Brain endothelia cells

CD73/transferrin Brain endothelial cells

receptor

LUECAM Lung venular endothelial cells

GlyCAM-1 HEVs

NF-HEV HEVs

MECAT79 HEVs, chronically inflamed EECs

VAP-1 HEVs, endothelial cellsin large vessels

VAP-2 HEVSs, venules

CD34/Sgp90 One form, specifically glycosylated is restricted to
HEVs

MadCAM-1 Peyer’s patches, mesenteric lymph node HEV's,
venulesin intestinal lamina propria, spleen sinus

EphB4 Venous endothelial cells

Flt-4 Lymphatic endothelia cells

LYVE-1 Lymphatic endothelia cells
Podoplanin Lymphatic endothelial cells
Prox-1 Lymphatic endothelial cells
Desmoplakin Lymphatic endothelia cells

responses have been observed in many organs, including
cremaster muscle, diaphragm, trachea, cheek pouch, skin,
bladder, stomach, pancreas, and intestine. At least some of
this specificity isaresult of different densities of the specific
receptors for these mediators on venular endothelial cells;
there may be additional contributing factors such as differ-
ences in downstream signal transduction. There are remark-
able differences in the baseline permesbility of different
vascular beds to low-molecular-weight compounds as well
asto large proteins. The exchange of these molecules across
the endothelium can occur through the endothelium (by spe-
cific transporters, or by “vesicular transport”) or between
endothelia cells (i.e., a the endothelial junction). Obvi-
ously, the architecture of the endothelial junction plays a
critical role in the roles of these different exchange path-
ways. There are aso differences in the expression of dif-
ferent transporters and plasmalemmal vesicles from one
vascular bed to another. For example, plasmalemmal vesi-
clesarerarely seenin brain endothelia, yet arerelatively fre-
quent in the endothelial cells of the lung and diaphragm. The
endothelium of the brain, which forms the so-called
blood-brain barrier, plays a particularly important role in
regulating the transport of solutes from the apical to basal
surface; brain endothelial cells have specific transport sys-
tems for certain nutrients such as glucose (Glut-1) and
amino acids. The endothelium of the brain also expresses
the multidrug-resistance protein P-glycoprotein (mdrl1a), an
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active transporter that transports |ow-molecul ar-weight mol-
ecules from the basal to apical surface, thus protecting the
cells of the centra nervous system from accumulating
potentially neurotoxic molecules. Organs with discontinu-
ous endothelia, such as the liver capillaries, are quite per-
meable, and albumin escapes at a rate several fold greater
than from less permeable continuous-type capillaries of
muscle and skin.

Vascular Reactivity

Endothelial cells are the source of some potent molecules
that influence the contractile state of vascular smooth
muscle cells, including the vasodilators nitric oxide (NO),
prostaglandin (PG)PGI,, endothelial-derived hyperpolariz-
ing factor (EDHF), adrenomedullin, and the potent vaso-
constrictor, endothelin-1. PGE,, made predominantly in
microvascular endothelial cells, may be a vasodilator or
vasoconstrictor, depending on the concentration, interac-
tions with other autocoids, and the vascular bed. The bal-
ance of these factors is an important determinant of the
control of vascular tone and tissue perfusion; considerable
heterogeneity of responses exists among vessels of different
size from different anatomic origins and different species.

Endothelial Junctions

As discussed previoudly, differences in endothelial cell-
to-cell junctions in different vascular beds has long been
recognized. During the last two decades, much has been
learned about the biochemical and molecular constituents of
the endothelial junction and their regulation. The inter-
endothelial adhesive structures include tight, adherens, and
gap junctions, in which the surface proteins occludin,
claudins, cadherins, platelet endothelial cell adhesion mole-
cule (PECAM), CD99, and junctional adhesion molecules
(JAMs) are specifically incorporated. Tight junctions,
defined structurally as closely opposed neighboring plasma
membranes that appear to be tightly fused, are especially
well developed in the brain and retina; occludin and claudin
are the cellular marker proteins of this type of junction.

Adherens junctions, defined morphologically by a cyto-
plasmic plague structure of electron-dense material on the
plasma membrane of adjacent cells, are ubiquitously
expressed in endothelia of al vascular beds; cadherins, in
particular vascular endothelial (VE)-cadherin, are the
endothelial marker protein for this type of junction. Gap
junctions are characterized by their morphological appear-
ance as a patch on which the membranes of two adjacent
cells are separated by a uniform narrow gap of 2 to 4nm;
connexins, in particular connexins (Cx) Cx37, Cx40, and
Cx43, are the marker protein for this type of junction. This
“gap” is spanned by channel-forming proteins (the con-
nexins) that allow inorganic ions and other small water-
soluble molecules to pass from the cytoplasm of one cell
to another; gap junctions thus couple cells both electrically
and metabolically.

There is considerable heterogeneity in the expression of
some of these junction-associated molecules. For example,
occludin, a structural component of the tight junction, is
highly expressed in epithelial cells and in brain endothelial
cells, yet barely detectable in endothelial cells of most other
organs. Junctional adhesion molecule (JAM)-B (JAM-2,
VE-JAM) is highly localized to the intercellular boundaries
of high endothelial venules; JAM-A (JAM-1) ismore highly
expressed in brain endothelia, whereas JAM-C (JAM-3) is
more broadly expressed in endothelia of different vascular
beds. JAM-1 may be an organizer of occludin clustering,
thus contributing to the establishment of tight junctions in
certain endothelial cells. In the kidney, the expression of
claudin 5, a component of tight junctions, is restricted to
arterial endothelial cells but undetectable in veins and capil-
laries. Other junctional molecules such as vascular endothe-
lial cadherin (VE-cadherin) and the connexins seem to be
more ubiquitously expressed.

Metabolism

The total surface area of the vascular endothelium is
impressive: 100 to 700m?2. This surface provides an inter-
face for nutrient transport, metabolism of bloodborne sub-
stances, and secretion of chemokines, cytokines, vasoactive
peptides, enzymes, and other biologically active factors. The
lung, because of its large surface area and its position as
recipient of the entire cardiac output, is an important site of
metabolism of both native molecules and xenobiotics. The
architecture of the pulmonary capillaries, sandwiched
between adjacent aveolae, provides a system in which
blood flows through these vessels as if between sheets, pro-
viding for maximal exposure of the capillary blood to ave-
olar gases. Surprisingly, relatively little is known about the
potential expression of specific metabolic enzymes in pul-
monary capillary endothelia.

Endothelia Cells as a Source of Growth Factors

Endothelial cells from the bone marrow are capable of
promoting long-term multilineage hemopoiesis, in particu-
lar myelopoiesis and megakariocytopoiesis. The ability of
these cells to support hemopoeisis may be a result of their
ability to constitutively produce certain growth factors such
as colony stimulating factors 1 and 2, fibroblast growth fac-
tor, leukemia inhibitory factor, transforming growth factor
B, platelet-derived growth factor, interleukin-6, and kit
ligand.

Endothelial Cells and Physical Forces

In addition to biochemical activation, the endothelial lin-
ing is constantly subjected to biomechanical stimuli (i.e.,
shear stresses, strains, and hydrostatic pressures), generated
by the pulsatile flow of the blood. The fluid mechanics of
blood flow in the vasculature is complex; in arteries it
involves pul satility at high pressures, yet in veinsit is quasi-
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steady and at low pressure. Flow patterns in the vicinity of
curvatures and branch points create regions of turbulence in
arteries; however, turbulence in veins is generally not seen.
Flowing blood subjects the endothelium to two orthogonal
components: viscous friction and distension. The frictional
force per unit area acts tangential to the vascular wall and is
known as wall shear stress. The distending force acts per-
pendicular to the wall and is essentially equal to the fluid
pressure. The shear stress and the pressure stretch the wall,
producing both longitudina and circumferential strain.
Endothelial cells are known to sense and respond to all of
these hemodynamic challenges. Flow patterns dictated by
vascular anatomy are now thought to play a crucia role in
the origin of atherosclerotic lesions. These lesions have a
predeliction to occur at or near vessel bifurcations, regions
exposed to nonuniform, complex flow. Interestingly, in vitro
and in vivo studies comparing the effects of nonuniform
complex flow to time-averaged, uniform flow, such aslami-
nar shear stress, have revealed a remarkable difference in
phenotype. Disturbed or turbulent flow is associated with
the generation of reactive oxygen species by endothelia
cells, followed by the expression of endothelial inflam-
matory markers, augmented endothelial turnover, and
increased endothelial cell death. In contrast, the more uni-
form flow is associated with minimal endothelial cell
turnover, low levels of apoptosis, and the expression of
antioxidants and anti-inflammatory genes. There are quite
likely inherent differences in the ability of endothelial cells
at different vascular sites to respond to biomechanical
forces; thisis arelatively understudied aspect of endothelial
heterogeneity.

Endothelia Cells and the Basement Membrane

The basal lamina is a flexible, thin (40 to 120nm thick)
mat of specialized extracelluar matrix that separates the
endothelium from the underlying tissue; it is composed
mainly of type IV collagen, heparan sulfate proteoglycan,
laminin, and nidogen/entactin (although the total number of
proteins known to make up the basement membrane is at
least 50). This so-called mat is far from inert or just struc-
tural; the basal lamina can influence cell metabolism,
organize proteins in adjacent plasma membranes, induce
proliferation, serve as a filter, act as a depot for various
growth factors and other proteins, and importantly, serve as
a specific highway for migrating leukocytes. Most basement
membranes appear similar at the level of the electron micro-
scope, but their composition is unique to each tissue. This
molecular inequality is an important contributor to the
differentiated state of the endothelial cell. The basement
membrane of bone marrow sinusoids shows a distinctive
structure: it is discontinous, lacks a network organization,
and consists of irregular masses of amorphous material. It is
also unusually abundant in chondroitin sulfate proteogly-
cans and poor in heparan sulfate proteoglycan. This com-
position may facilitate disassembly and reassembly of
basement membrane material as maturing hemopoietic cells

pass through the sinusoidal wall. Tumors produce basement
membrane components that promote angiogenesis, and
additionally, cryptic domains within basement membrane
molecules (such as the collagens) can be exposed during
proteolytic degradation; some of these possess antiangio-
genic activity [8].

Endothelial Cells and Pericytes

Pericytes, a type of mural cell associated abluminally
with endothelial cells in capillaries and in some postcapil-
lary venules, exhibit considerable variability in their relative
association with endothelial cells in different tissues (for a
review, see Ref. [9]. For example, capillaries of the retina,
lung, and skeletal muscle exhibit more pericytes and “cov-
erage” of endothelia cells than capillaries found in
endocrine tissues such as the adrenal gland. Pericyte cover-
age of newly formed blood vesselsis also thought to play a
role in the stabilization of these structures; the vasculature
of tumorsis poorly invested with pericytes.

Endothelia Cell Proliferation

Endothelial cells isolated from various microvascular
beds have been traditionally more difficult to maintain in
culture than their counterparts from larger vessels such as
the aorta, saphenous vein, and umbilical vein. Thisislikely
a consequence of multiple contributing factors: differences
in growth factor synthesis and in growth factor receptor
expression and signal transduction, harsher experimental
conditions used to isolate the cells, and potential differences
in the nutritional requirements (e.g., amino acids, carbohy-
drates, vitamins). A perusal of PubMed will quickly identify
all of these as candidates, and more, in one or severa publi-
cations. There are regional differences in endothelia “pro-
liferative” states in vivo as well. For example, endothelial
cells at sites of disturbed flow (e.g., branching of blood ves-
sels, areas of curvature) exhibit a higher rate of BrDU label-
ing or proliferating cell nuclear antigen expression (indices
of proliferation) compared to cells in adjacent regions of
the vasculature exposed to laminar flow. Endothelial cells
at the site of a wound, ischemia-reperfusion injury, or in
reproductive organs such as the ovary or mammary gland
undergo phenotypic changes consistent with the develop-
ment of an angiogenic phenotype. The phenotypic charac-
teristics of the endothelia cells in tumors are a hot topic of
current research: the vision of specifically targeting the
tumor vasculature offers an incredible therapeutic opportu-
nity for the treatment of many solid tumors. A major con-
tributor to the switch to the “angiogenic phenotype’ is
vascular endothelial growth factor (VEGF), a potent mito-
gen, morphogen, and motogen for endothelial cells. More-
over, VEGF is a potent inducer of vascular permeability.
Proliferating or angiogenic endothelial cells display differ-
ent antigens, altered basement membrane composition,
altered junctional morphology, and numerous transendothe-
lial channels. Recent studies now indicate that there may



56

ParT | Basic Science

also be vascular bed—specific endothelial cell growth fac-
tors; for example, endocrine gland-derived VEGF (EG-
VEGF) is an endothelial cell mitogen selective for
endocrine gland endothelial cells.

Genetic Diversity of Endothelial Cells

Several approaches have been used to identify endothe-
lial differences on a genomic scale, including differential
display, suppressive subtractive hybridization, serial analy-
sis of gene expression, and DNA and oligonucleotide
microarrays [10-14]. Such studies have identified potential
tissue-specific endothelial cell transcripts from cerebral,
lymphatic, arterial versus venous, lung, nasal polyp, skin,
and myometrial cells. At present these studies are too pre-
liminary to cite the markers as fact, but they offer consider-
able promise for an improved molecular understanding of
endothelial heterogeneity.

References

1. Garlanda, C., and Dejana, E. (1997). Heterogeneity of endothelial cells.
Specific markers. Arterioscler. Thromb. Vasc. Biol. 17, 1193-1202.

2. Gerritsen, M. E. (1987). Functional heterogeneity of vascular endothe-
lial cells. Biochem. Pharmacol. 36, 2701-2711.

3. Bennett, B., Luft, J.,, and Hampton, J. (1959). Morphological classifi-
cation of vertebrate blood capillaries. Am. J. Physiol. 197, 381-390.
The first attempt to distinguish endothelial cells based on their ultra-
structural features.

4. Majno, G. (1965). Ultrastructure of the vascular membrane. In W.
Hamilton, ed., Handbook of Physiology, pp. 2293-2375. Washington,
DC: American Physiological Society. An early but thoughtful and
insightful description and discussion of capillary structures and their
diversity.

5. Wang, H., Chen, Z., and Anderson, D. (1998). Molecular distinction
and angiogenic interaction between embryonic arteries and veins
revealed by ephrin-B2 and its receptor Eph-B4. Cell 93, 741-753.

6. Thurston, G., Baluk, P, and McDonald, D. (1999). Determinants of
endothelial cell phenotype in venules. Microcirculation 7, 67-80. A
review of endothelial diversity in the setting of inflammation.

7. Majno, G., Palade, G., and GL, S. (1961). Studies on inflammation. 1.
The site of action of histamine and serotonin along the vascular tree: A
topographic study. J. Biophys. Biochem. Cytal. 11, 607—625.

8. Kalluri, R. (2003). Basement membranes: structure, assembly and role
in tumor angiogenesis. Nat. Rev. Cancer 3, 423-433. A detailed review
of basement membranes.

9. Shepro, D., and Morel, N. (1993). Pericyte physiology. FASEB J. 7,
1031-1038.

10. Chi, J.-T., Chang, H., Haraldsen, G., Jahnsen, F., Troyanskaya, O.,
Chang, D., Wang, Z., Rockson, S., van de Rijn, M., Botstein, D., et al.
(2003). Endothelia cell diversity revealed by global expression profil-
ing. Proc. Natl. Acad. Sci. USA 100, 10623-10628.

11. Girard, J-P, Baekkevold, E., Yamanaka, T., Haraldsen, G.,
Brandtzaeg, P, and Amalric, F. (1999). Heterogeneity of endothelial
cells. The specialized phenotype of human high endothelial venules
characterized by suppression subtractive hybridization. Am. J. Pathol.
155, 2043-2055.

12. Kalman, B.-A., Wagner, S., Hummel, V., Buttmann, M., Bayas, A.,
Tonn, J.,, and Rieckmann, P. (2002). Characteristic gene expression
profile of primary human cerebral endothelial cells. FASEB J. 10,
589-591.

13. Podgrabinska, S., Braun, P, Velasco, P, Kloos, B., Pepper, M.,
Jackson, D., and Skobe, M. (2002). Molecular characterization of lym-
phatic endothelial cells. Proc. Natl. Acad. Sci. USA 99, 16069-16074.

14. St. Croix, B., Rago, C., Velculescy, V., Traverso, G., Romans, K.,
Montgomery, E., Lai, A., Riggins, G., Lengauer, C., Vogelstein, B., et
al. (2000). Genes expressed in human tumor endothelium. Science 289,
1197-1202.

Capsule Biography

At the time this review was written, Dr. Gerritsen was working as an
independent consultant for several biotech and venture capital firms. Cur-
rently she is the Senior Director of Molecular and Cellular Pharmacology
at ExelixisInc. She has held the positions of Senior Director, Vascular Biol-
ogy, at Millennium Pharmaceuticals (2001-2002); Associate Director, Car-
diovascular Research, at Genentech Inc. (1997-2001); Group Leader,
Inflammation, at Bayer Corporation (1990-1997) and Associate Professor,
Physiology, New York Medical College, 1985-1990. Her work has focused
on the biology of the endothelium.



CHAPTER 10

Portholes on a Vessal:
Endothelial Fenestrae

Sofia | oannidou, Steven J. Samuelsson, and David T. Shima
Eyetech Research Center, Eyetech Pharmaceuticals, Inc.

Precise regulation of blood-tissue interchange is critical
for proper integration of organ physiology with the cardio-
vasculature. Accordingly, microvascular endothelial cells,
the primary barrier to free blood-tissue exchange, adopt
highly specialized features and behaviors to mediate and
monitor the flux of macromolecules and fluids across the
vascular wall. For example, the vascular endothelium of the
blood-brain and the blood—retina barriers is fortified by
tight junction components that restrict access of fluid and
blood components to sensitive neural tissues. The other
extreme of endothelial barrier differentiation is that of lym-
phatic vessels, an endothelium with numerous gaps between
cells enabling uptake of extravascular fluid for clearance,
transport, and return to the circulation. Finally, organs medi-
ating endocrine, absorptive, or filtrating functions have a
demand for abundant but more regulated fluid and macro-
molecule exchange and thus are supported by a highly spe-
cialized vascular endothelium containing numerous plasma
membrane pores, the fenestrae (Figure 1). Derived from the
Latin word for window, the term fenestra is used in this con-
text to describe an opening in the vessel wall that connects
the luminal and extravascular space. In this chapter, fenes-
trae structure, function, and pathophysiological relevance
are discussed in detail.

Fenestrae Structure

Morphology and Architecture

Ultrastructural studies have described fenestrae as trans-
cellular circular pores with an average diameter of approx-
imately 60nm (athough they can be as large as
approximately 125nm within the liver sinusoidal endothe-
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lium). Fenestrae are encountered in the most attenuated
regions of the endothelium, where the cell profileis as little
as 40nm, and span the entire thickness of the cell without
disrupting the continuity of the cell membrane (Figure 2).
The substances that traverse the pore never encounter the
contents of the cytoplasm and are transported in arapid and
presumably energy-efficient manner. This is in contrast to
transcytosis, which involves the coupling of energy-rich
endocytic and exocytic events. In most vascular beds,
the fenestrae contain a diaphragm composed of approxi-
mately eight radia fibrils converging in a central knob,
which further dissects the pore into 5- to 6-nm openings
(Figure 3).

Fenestrae are known to occur in clusters of approxi-
mately 50 to 100, termed sieve plates, which are encircled
by a microtubule-rich border. Within a sieve plate, fenestrae
are found in a near-linear arrangement, with precise spacing
between each pore, implying the presence of a complex
intracellular scaffolding to support such order. Whether
individual fenestrae, or the sieve plates, are stable structures
that persist throughout the lifetime of a differentiated cell or
dynamic structures that are rapidly turned over, is currently
unknown.

Chemical and Molecular Composition

Palade and the Simionescus pioneered the study of
fenestrae composition in the 1960s, 1970s, and 1980s by
demonstrating that cationized ferritin (CF) preferentialy
deposited within a glycocalyx visible on the luminal aspect
of the fenestral diaphragm. Capitalizing on thisinitial obser-
vation, they used the CF interaction as a probe for the
molecular nature of fenestrae, by monitoring its disappear-
ance following treatment with enzymes of defined speci-

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 A scanning eectron micrograph from a freeze-fractured
glomerulus shows a view down the lumen of a fenestrated capillary. The
endothelium appears to have a colander-like structure that permits passage
of materials from the blood to the glomerular capsule. (We thank Steve
Gschmeissner at Cancer Research UK for this data.) (see color insert)

ficity. Sensitivity to proteases and certain glycosidases as
well as affinity for lectins suggested that acidic glycopro-
teins and proteoglycans could account for CF-decorated
anionic sites on the diaphragms. However, the differentia
sensitivity to heparinase and heparitinase in the fenestra
diaphragms of the intestine and choriocapillaris, respec-
tively, together with variable results in lectin-binding stud-
ies in these tissues, highlight organ-specific differences in
the glycocalyx composition: heparan sulfate proteoglycans
presumably form part of the diaphragms in the intestine,
while the closely related molecule heparin is thought to
localize on diaphragms of the choriocapillaris. Moreover,
binding of CF to fenestral diaphragmsis absent altogether in
the bone marrow and the fetal liver.

Recent studies by Stan and colleagues identified an
endothelia cell-specific protein, Plasmalemmal Vesicle 1
Protein (PV-1) asthe first known component of the fenestral
diaphragm. PV-1is a 60-kDa Type Il transmembrane glyco-
protein that is believed to form homodimers that constitute
the primary structural component of the diaphragm. It
should be noted that PV-1 and the diaphragm are not unique
to fenestrae but aso reside within endothelial cell caveolae
and transendothelial channels.

Fenestrae Biogenesis

The inability to maintain fenestrated endothelium in tis-
sue culture and the difficulty in quantifying and manipulat-
ing the appearance of fenestrae both in vivo and in vitro

have greatly hampered the study of their biogenesis. Until
recently, the induction of fenestrae in cultured endothelial
cell lines has been reported to yield numbers that are three
to four orders of magnitude lower in density than normally
observed in vivo. Nevertheless, a small number of key stud-
ies published throughout the last three decades have high-
lighted several extracellular and intracellular determinants
that may beinvolved in the differentiation program of afen-
estrated endothelial cell.

Endothelia Cell Microenvironment

Fenestrated microvessels are in constant contact with
the extracellular matrix, both in the form of routine basa
lamina or, in some cases, elaborate, thickened matrix such
as the basement membrane of the kidney glomerulus or the
multilamellate Bruch’'s membrane, which separates pig-
mented retina from the choriocapillaris (Figure 4). Extracel-
lular matrix could simply provide a structural scaffold to
facilitate the extreme shape changes and cell attenuation that
accompanies the fenestrated phenotype. However, a more
active, instructive role for the extracellular matrix has been
proposed to explain, for example, the presence of fenestrae
only in the regions of the choriocapillaris that are immedi-
ately adjacent to Bruch’'s membrane. In vitro experiments
examining the effects of a variety of extracellular matrices
suggest that fenestrae formation is supported by specific
matrix components, which mimic the situation observed
in vivo.

Signal Transduction Pathways

The first attempts to reprogram the fenestrae differentia-
tion program in cultured endothelial cells relied on the use
of potent and relatively nonspecific initiators of intracellular
signaling cascades on isolated bovine adrenal cortex
endothelial cells. Phorbol myristate acetate, an activator of
protein kinase C isoforms and a potent differentiation agent
for some cell types, promoted a change in the shape of
endothelial cells accompanied by a five-fold increase in the
frequency of diaphragmed fenestrae (approximately six fen-
estrae per 100um?). Similarly, treatment of cultures with
retinoic acid led to a threefold increase in the surface den-
sity of fenestrae, while transforming growth factor  led
to a sevenfold decrease in their density. The physiological
relevance of these signaling pathways remans to be
established.

The angiogenic growth factor, vascular endothelial
growth factor (VEGF), is the strongest candidate for a sig-
naling protein that induces fenestrae formation. VEGF is an
endothelial-specific mitogen and motogen, and was origi-
nally identified as a vascular permeability factor, approxi-
mately 50,000 times more potent than histamine. Although
VEGF is greatly downregulated after the completion of
embryonic vasculogenesis and angiogenesis, it is continu-
ously and highly expressed in epithelial cells adjacent to
fenestrated endothelium. Moreover, fenestrae have been
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FENESTRATED ENDOTHELIUM

BASEMENT MEMBRANE

Figure2 Schematic representation of acapillary with fenestrated endothelium and underlying basement membrane. Fenestrae are found only at the most
attenuated regions of endothelia cells, where the nucleus and organelles are excluded and the distance from apical to basal plasma membraneis as little as
40nm. They occur in groups and are arranged in a near-linear fashion with precise spacing between them. Inset shows the fenestral pore to be 60nm in
diameter, with an effective size of 5 to 6 nm when apertured by a diaphragm. [Adapted from Rhodin (1962), J. Ultrastructure Res. 6, 171-185.] (see color

insert)

Figure 3 Fenestral diaphragms revealed by quick-freezing and deep-
etching of rat kidney peritubular capillaries. The intertwining fibrils bridg-
ing the pore and converging into a central mesh are apparent in this luminal
view. Magnification: 120,000%. [Courtesy of Drs. Bearer and Orci (1985),
J. Cell. Biol. 100, 418-428.] (see color insert)

observed in the neovasculature of tumors and in the nor-
mally continuous endothelium of the retina during diabetic
microangiopathy, both pathological situations that are func-
tionally linked to the local upregulation of VEGF. In fact, in
vivo studies have demonstrated that VEGF can induce fen-
estrae within 10 minutes in the continuous endothelium of
skeletal muscle and skin, when applied topically or injected
intradermally, and in vitro studies using capillary endothe-
lia cells further reinforce the ability of VEGF to promote
fenestrae biogenesis. It is still unknown to what degree over-
all VEGF-induced permesbility can be attributed to fenes-
trae formation, since VEGF also triggers the appearance of
other structuresimplicated in permeability, such as caveolae
and vesiculo-vacuolar organelles (VVOs), and regulates the
gating properties of endothelial junctions.

Cytoskeleton

The importance of cytoskeletal remodeling in fenestrae
biogenesis has been suggested from in vitro studies examin-
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Fi gure4 Fenestrated endothelium of choriocapillaris. Thisimage reveals the close association of
diaphragmed pores to Bruch’s membrane (BM) and microvillar base of retinal pigmented epithelium
(RPE). (We thank associate Eunice Cheung for this data.) (see color insert)

ing the effect of agents that disrupt actin microfilament
assembly on highly fenestrated liver sinusoidal endothelia
cells. Latrunculin A, which depolymerizes actin filaments
through the sequestration of actin monomers, as well as
Cytochalasin B, which leads to disassembly by capping the
fast-growing end of actin filaments, both led to a two- to
threefold increase in the number of fenestrae within 30 to
60 minutes. The physiologica relevance of this data was
recently supported by experiments showing that a dominant
negative version of the small GTP-binding protein Rac
could block VEGF-driven fenestrae formation during
corneal angiogenesis, putatively through interfering with the
reorganization of the actin cytoskeleton.

General Concepts for Fenestrae Formation

Researchers have used the limited amount of experi-
mental data to generate several conceptual models (not
mutually exclusive) to guide research in the area of fenes-
trae biogenesis.

CaVEOLAE GIVE RISE TO FENESTRAE

Fenestrae and caveolae share structural features, com-
mon tissue distribution, a relationship to the VEGF signal-
ing cascade, and a common putative role in the regulation of
vascular permeability. In one of the earliest hypotheses for
fenestrae formation, investigators postulated that caveolae
may give rise to fenestrae in a process involving fusion of a
budding caveolar vesicle with the adjacent plasmalemma.
The discovery that PV-1 was common to the diaphragms
that reside in both fenestrae and the caveolae of endothelia
cells further supported this model. Current evidence, how-
ever, emphasizes more differences than similarities in the
nature of the two organelles. General compositional differ-
ences between the two organelles were first highlighted in
tracer perfusion studies showing that caveolar diaphragms

(also referred to as stomatal diaphragms) lacked anionic
sites among other molecular determinants that were present
within the fenestral diaphragm. Furthermore, exclusion of
the main structural component of caveolae, caveolin-1, from
fenestrae in vivo and in vitro, and the recent finding that
knockout mice completely lacking caveolae still have fenes-
trae, provide compelling evidence for distinct origins of
caveolae and fenestrae. However, the existence of a com-
mon structural precursor that differentiatesto give rise inde-
pendently to fenestrae and caveolae till remains a valid
point for consideration.

A PUTATIVE ROLE FOR THE DIAPHRAGM IN
FENESTRAE FORMATION

The presence of adiaphragm in fenestrae isvariable; it is
found in the fenestrated capillaries of the intestine, the
choriocapillaris, the choroid plexus, and endocrine organs,
while it is absent from the more permeable microvessels of
the kidney glomerulus and the liver sinusoids. Diaphragmed
fenestrae, however, do initially appear within the vessels of
developing fetal glomerulus, which has raised speculation
on arole for the diaphragm in fenestrae biogenesis, in addi-
tion to its putative role in gating the pore. Achieving a pre-
cise circular opening and facilitating the extreme membrane
curvature at the rim of fenestrae, where apical and basa
plasma membranes come together, could be functions of the
protein-rich diaphragm.

APICAL-BAsAL PLAsSMA MEMBRANE FUSION FOLLOWING
AcCTIN DISPLACEMENT

Data demonstrating that actin microfilament disassembly
triggers fenestrae biogenesis have spawned a model
whereby removal of the actin-rich cortex beneath the plasma
membrane is required to allow close apposition and fusion
of apica and basa plasma membranes. Cortical actin
removal has been shown to be an important prerequisite to
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membrane fusion during exocytosis, while remova of
organelle-bound actin has been suggested to accelerate
mammalian endosome and yeast vacuole membrane fusion.
Whether the cytoskeleton also plays an instructive role in
fenestrae formation remains to be established.

Fenestrae Function

Selectivity of the Barrier

Attempts to investigate the permeability properties of
fenestrae were initiated by Clementi, Palade, Simionescu,
and Pino using tracer perfusion studies. Horseradish perox-
idase (~4nm in diameter) proved to be readily permeable
through diaphragmed fenestrae of the intestinal mucosal
capillaries and the ocular choriocapillaris, whereas larger
tracers such asferritin (~11nm in diameter), or dextrans and
glycogens, were variably permeable. These findings fit
remarkably well with data developed by Bearer and Orci,
who determined that the presence of a diaphragm transected
the 60-nm fenestrae into multiple channels of approximately
5nm in diameter.

Whether permeability through fenestrae is a passive
process or is facilitated by specific molecular interactions
between components of the pore and traversing substances
remains an open question. Although somewhat speculative,
future studies in this area may benefit by examining the
structure and function of the nuclear pore, a remarkably
anal ogous structure consisting of two lipid bilayers fused to
create a seamless circular opening. Transport of molecules
between the cytoplasm and the nucleoplasm is chaperoned
by proteins of the nuclear pore that first recognize specific
export or import signals on potential cargo molecules and
then act as shuttling factors in a process regulated by the
GTPase, Ran. So far, selectivity within the fenestrae has
only been shown with respect to molecular charge, as
inferred from studies demonstrating the particularly high
affinity of cationic substances for fenestral diaphragms.

Fenestrae and Organ Function

Although there is sparse direct evidence of amajor phys-
iological role for fenestrae, severa functions can be safely
attributed to them simply on the basis of their physical prop-
erties and their distribution within normal vasculature and
during neovascular disease. Fenestrae are postulated to
mediate the bidirectional exchange of water, solutes, and
small macromolecules between blood and tissues. More
specifically, fenestrae are believed to function (1) in the fil-
tration of blood within the choroid plexus that gives rise to
cerebrospinal fluid; (2) in the access of endocrine hormones
to the bloodstream, such as the release of steroid hormones
by the adrena cortex; (3) in the supply of nutrients to, and
removal of waste from, the outer retina by the underlying
choriocapillaris; (4) in the ultrafiltration of blood to create
primary urine within the kidney glomerulus; and (5) in the

filtration of potentially hazardous substances in the blood at
the liver sinusoids.

Fenestrae are also observed in normally nonfenestrated
vascular beds in association with unwanted angiogenesis
and other cardiovascular pathologies. The appearance of
fenestrae in the neovasculature of tumors, retinal vesselsin
diabetic retinopathy, and capillaries of inflamed tissue, such
as arthritic joints, coincides with clinical and experimental
findings for vascular leakage and edema and implies that
fenestrae contribute to the deregulation of vascular perme-
ability. Fenestrae diameter has also been found to alter in
conjunction with liver dysfunction, such as cirrhoses, and in
kidney disease, such as pre-eclampsia.

Challengesfor the Future

The lack of molecular tools, quantitative methods, and
suitable model systems have slowed progress on fenestrae
research and, to date, the bulk of our knowledge is still
largely anecdotal and rich with assumption. A primary chal-
lenge for the future is to begin relating definitive functional
properties of the fenestrae to the abundant ultrastructural
information that has been collected over the past five
decades. Recent advances in the fields of genomics and
proteomics combined with the development of promising
in vitro models for fenestrae formation are expected to
open the way for (1) fascinating endothelial cell biology, (2)
the potential to create light microscopic and biochemical
methods to supplement ultrastructural analyses, and (3) the
development of specific antagonists of fenestrae function to
elucidate its contribution to cardiovascular function.

Glossary

Caveolae: Flask-shaped invaginations (50 to 100nm in diameter) at
the cell membrane implicated in endocytosis, cholesterol trafficking, and
signal transduction. Also known as plasmalemmal vesicles.

Diaphragm: Variable feature of fenestrae and caveolae consisting of
radial fibrils converging in a central knob. It is thought to consist of pro-
teins, and its only known component to date is plasmalemmal vesicle 1
(PV-1) protein.

Fenestrae: Transcellular circular pores (60 to 70nm in diameter) that
occur in clusters in attenuated endothelia and are implicated in capillary
permeability.

Vascular endothelial growth factor (VEGF): Growth factor
expressed as several spliced variants and involved in vasculogenesis,
angiogenesis, and vascular permeability.
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The development, patterning, and stabilization of the
vasculature depends on severa key steps, including the pro-
liferation and migration of endothelial cells (EC) and the
differentiation and recruitment of their supportive mural
cells. These processes are regulated by the surrounding cells
and tissues that secrete various growth factors, cytokines,
and chemokines that activate EC receptors. It has been
recently recognized that one of these EC receptors is neu-
ropilin (NRP). Neuropilins (NRP1 and NRP2) are receptors
for the vascular endothelial growth factor (VEGF) family,
members of which are potent regulators of EC migration,
EC proliferation, and angiogenesis. Previously, it was
shown that VEGFs act via VEGF receptor tyrosine kinases,
but it now appears that VEGF activity is also modulated by
NRPs, which have no kinase activity. This article focuses on
therole of NRPsin the vascul ature and describes NRP struc-
ture, gene expression, regulation, and biological function.

Introduction

NRP1 and NRP2 are mediators of neuronal guidance and
angiogenesis. NRPs bind members of the class 3 Sema-
phorin family, regulators of neuronal guidance, and mem-
bers of the VEGF family of angiogenesis factors. Fujisawa
and colleagues first identified NRP1 in 1991 as an adhesion
molecule in developing nervous tissue; it was shown to be a
130- to 140-kDa highly conserved type 1 transmembrane
glycoprotein. A second gene, NRP2, was identified in 1998
that had a 44 percent amino acid homology with NRP1.

A possible role of NRP1 in blood vessel development
was first noted when NRP1 was overexpressed in mice.
Besides ectopic sprouting and defasciculation of neurons,
the mice also exhibited excess blood vessels. Subsequently,
it was reported that NRP1 knockout mice exhibited various
vascular abnormalities along with neuronal defects. The

molecular connection of NRP1 to angiogenesis was noted
when Klagsbrun and colleagues reported that VEGF, a
major angiogenesis factor, was a ligand for NRP1 and
NRP2.

Neuropilin Structure

Domains

NRPs are glycoproteins with a relatively large extracel-
lular domain (860 amino acids), a transmembrane domain,
and arelatively short cytoplasmic domain of about 40 amino
acids. The extracellular domain consists of five subdomains,
which are referred to as al, a2, b1, b2, and c. The ala2 and
b1b2 domains are involved in ligand binding and cell adhe-
sion. The c domain is thought to function as a site for homo-
or hetero-dimerization of NRP1 and NRP2. The function of
the short cytoplasmic domain, which is highly conserved, is
not clear. A neuropilin interacting protein (NIP) has been
identified that contains a PDZ domain. It binds to the C-
terminal three amino acids of NRP1 (S-E-A-COOH).

In addition to full-length NRPs, some cell types express
truncated NRP isoforms. These naturally occurring proteins
contain only the ala? and b1b2 subdomains, are soluble,
and are secreted by cells. The soluble NRP molecules are
produced by premature truncation within introns and as a
result are characterized by having intron-derived 3’
nucleotides and C-terminal amino acid sequences.

Neuropilin Binding Sites for Ligands

NRPs can bind multiple ligands, which can be catego-
rized into three groupings. the class 3 semaphorins, the
VEGF family, and various transmembrane proteins. Sema-
phorins have a sema domain that binds to the NRP ala2

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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domain and an Ig-basic C-terminal domain that binds to the
b1b2 domain. VEGF family members bind NRPs with a
high degree of specificity. Placental growth factor-2 (PIGF-
2), VEGF-B, and VEGF-E bind NRP1 but not NRP2. On the
other hand, VEGF,,s and VEGF-C bind NRP2 but not
NRP1. Domain binding sites have been determined for
VEGF,4 and PIGF-2, both of which bind to the blb2
domain. The binding sites of VEGF-B, VEGF-C, and
VEGF-E on NRP have not been determined.

Heparin, which enhances both VEGF,; and PIGF-2
binding to NRP1, binds the blb2 domain. Heparin and
heparan sulfate may play acritical rolein EC NRP function
by forming a complex of VEGF,4; or PIGF-2, NRP1b1b2,
and heparin that facilitates ligand binding to NRP1. Because
the b1b2 domain is a binding site for Sema3A, VEGF s,
and PIGF-2, there may be a structural basis for competitive
inhibition of the different NRP1 ligands. For example,
Sema3A competes VEGF,g-induced EC migration and
VEGF,45 inhibits Sema3A-induced growth cone collapse,
suggesting overlapping binding sites in the b1b2 domain.

The third category of NRP1 ligands are transmembrane
proteins, including plexins A, L1, VEGFR-1, VEGFR-2,
and heparan sulfate proteoglycans (HSPG). These bind to
the NRP1 extracellular domain, but the subdomains
involved have not yet been determined.

Endothelial Cell Neuropilin

Neuropilin Expression

Cultured EC express both NRP1 and NRP2. However,
NRPs are expressed in vivo on specific EC types. For exam-
ple, it has been demonstrated that there are differentia
embryonic blood vessel expression patterns for NRP1 and
NRP2 in the avian vascular system. In the avian vascul ature,
NRP1 and NRP2 are both expressed in blood islands, which
are the earliest vascular structures. However, once arteries
and veins differentiate, NRP1 is expressed in arterial EC and
in mesenchyme surrounding developing arteries, whereas
NRP2 is expressed only in the venous EC. Similar expres-
sion patterns were reported in mice. In the developing
mouse skin and retina, NRP1 is predominantly expressed
in EC of arteries and arterioles. NRP2 expression was
restricted to EC of veins at E10, but from E13 and on, NRP2
was downregulated in veins and highly expressed on lym-
phatic EC.

Neuropilin-Mediated VEGF Activity in
Endothelia Cells

NRP1 appears to be a co-receptor for VEGFR-2 in cul-
tured EC. When co-expressed in cells with VEGFR-2,
NRP1 enhances the binding of VEGF4; to VEGFR-2 and
VEGF,g-mediated chemotaxis as compared to cells
expressing VEGFR-2 only. Conversely, inhibition of
VEGF, ¢ binding to NRP1 inhibits its binding to VEGFR-2

and its mitogenic activity for EC. VEGF,g; binds NRP1 via
its exon 7—encoded peptide, whereas it binds VEGFR-2 via
its exon 4—encoded peptide. VEGF, s may form a bridge
between the two receptors, facilitating a better presentation
of VEGF45 to VEGFR-2 (Figure 1). Support for this model
was shown in immunoprecipitation studies where NRP1 and
VEGFR-2 were co-immunoprecipitated only in the presence
of VEGF,g5. However, other reports have suggested that
NRP1 can directly interact with VEGFR-2.

Semaphorin-Mediated Neuropilin Activity in
Endothelia Cells

NRPs bind class 3 semaphorins, regulators of neurona
guidance. Semaphorin 3A (Sema3A), which isthe best char-
acterized semaphorin, repels axons, collapses dorsa root
ganglion neuronal growth cones, and regulates migration of
cortical neurons in an NRP1-dependent manner. These
effects are mediated by small GTPases such as Rho A and
Rac, which induce actin depolymerization. NRPs do not
appear to directly activate signaling pathways in neurons.
Instead, signaling is mediated by the interactions of a
Sema3A/NRP1 complex with plexins, which are transmem-
brane signaling receptors. NRP1/plexin complex formation
enhances Sema3A hinding to NRP1. L1, a neuronal adhe-
sion molecule, has also been demonstrated to be a compo-
nent of the Sema3A receptor complex (Figure 1).

Sema3A binds EC via NRP1 and inhibits the motility of
EC and capillary sprouting from rat aortic ring segmentsin
anin vitro angiogenesis assay. The inhibition of EC motility
by Sema3A is competed by VEGFs VEGFe and
Sema3A are also antagonists in neuronal survival/apoptosis
assays. Thus, a balance of semaphorins and VEGF,¢5 can
modulate both EC and neuronal activities.

The role of semaphorins in vascular development
has been analyzed in several models, and they have been
shown to be regulators of vascular development. In chick
limb development, overexpression or sequestering of
Sema3A abrogated both vascular and neuronal patterning.
In addition, it has recently been shown that in the chick
embryo, EC express Sema3A, which autoregulates EC
motility and vascular morphognesis via NRP1 and Plexin
A1 complexes.

In zebrafish, semaphorins regulate the pathway of dor-
saly migrating angioblasts, which are NRP1-positive
endothelial precursor cells that migrate to generate the
dorsal aorta. Ubiquitous overexpression or knockdown
of Sema3al protein interrupted dorsal migration of
angioblasts and retarded development of the dorsal aorta,
resulting in severely diminished blood circulation. Thus,
Sema3al is a key regulator of early zebrafish vascular
development.

In mice, however, transgenic studies seem to indicate that
Sema3A does not play a role in regulating the vasculature.
An initial report demonstrated that blood vessels devel oped
normally in the limbs of Sema3A knockout mice. Consistent
with this observation, transgenic mice overexpressing a
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Figure 1 A Schematic of Neuropilin Signaling Complexes. (A) In this model, VEGF 4 bridges
NRPL1 (via axon 7) and the tyrosine kinase receptor VEGFR-2 (via exon 4). There are no direct
NRPL/VEGFR-2 interactions. VEGF,55 and NRP1 also bind HSPG. The NRP1 binding site for
VEGF, 5 and HSPG is the b1b2 domain. It is suggested that the formation of a complex between
VEGF,45 and the three receptors enhances VEGF, g5 binding to VEGFR-2, which initiates the cellu-
lar signaling cascade, and as a consequence enhances VEGF, ¢ activity such as chemotaxis of
endothelia cells and angiogenesis. (B) Sema3A hinds to the ala2 and b1b2 domains of NRP1. NRP1
binds to the transmembrane proteins plexin A and L 1. The complex formation enhances the binding
of Sema3A to NRP1, and subsequently plexin A induces the signaling events that lead to repulsion

of axons and of neuronal cells.

mutated NRP1 that cannot bind Sema3A exhibited normal
vasculature. On the other hand, in a different mouse back-
ground, Sema3A knockouts showed vascular defects in the
head and had abnormal trunk blood vessels. These discrep-
ancies as to whether Sema3A does or does not regulate the
vasculature could be aresult of the use of different develop-
mental models and methodologies and will hopefully be
reconciled in the future.

Neuropilin Function in
Developmental Angiogenesis

Mice

There is strong evidence from transgenic mouse studies
that NRPs mediate angiogenesis. Mice overexpressing
NRP1 were embryonic lethal and displayed severa vascular
abnormalities, such as excess capillaries and blood vessels,
dilation of blood vessels, hemorrhage, and malformed
hearts. The chimeric embryos appeared redder than
their normal counterparts, suggesting that blood vessels
were leaky, which was possibly caused by enhanced vascu-

lar permeability activity of VEGF,gs. It was concluded that
expression of NRP1 was essential not only for neuronal
development but also for development of the cardiovascular
system.

The physiological role of NRPs in angiogenesis has also
been determined using knockout mice. It was demonstrated
that NRP1-deficient mutant mice were embryonic lethal
between E12.5 to E13.5. In yolk sacs and embryos the vas-
cular networks of large and small vessels were disorganized,
the capillary networks were sparse, and normal branching
did not occur. In the central nervous system (CNS), capillary
invasion into the CNS was delayed and the capillary net-
works that were in the CNS were disorganized and had
degenerated. The mutant embryos showed abnormal heart
development, including lack of some of the branchia
arch—related great vessels, and dorsal aorta and transposi-
tion of the aortic arch. The development of heart outflow
tracts was a so disturbed.

In another approach, the role of NRP1 in the vascular
system was demonstrated by deleting NRP1 specifically
from EC. Mutant mice were embryonic lethal by mid- to
late gestation, with abnormal vasculature throughout the
embryo. The larger vessels were intact, but medium and
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small vessels were missing. In the developing brain the ves-
sels appeared larger and underdeveloped with very little
branching, suggesting a defect in remodeling and branching
of the primary vessel plexus. Taken together all of these data
indicate that NRPL is a critical receptor required for angio-
genesis. On the other hand, NRP2 knockouts were viable
into adulthood and did not display any abnormal vascular
development.

More recently, double NRPL/NRP2 knockouts were
reported. Transgenic mice, in which both NRP1 and NRP2
were targeted, died in utero at E8.5 and their yolk sacs were
totally avascular. Mice that were homozygous for one gene
but heterozygous for the other were also embryonic letha
and survived to E10 to E10.5. The vascular phenotypes of
these mice were abnormal. The yolk sacs, while of hormal
size, displayed the absence of branching arteries and veins,
the absence of a capillary bed, and the presence of large
avascular spaces between the blood vessels. The embryos
displayed blood vesselsthat were heterogenousin size, large
avascular regions in the head and trunk, and unconnected
blood vessel sprouts. The embryos were about 50 percent
the length of wild-type mice and had multiple hemorrhages.
These double NRPL/NRP2 knockout mice had a more
severe abnormal vascular phenotype than either NRP1 or
NRP2 single knockout mice. Their abnormal vascular phe-
notype resembled those of VEGF and VEGFR-2 knockouts.
It appears that NRPs are early genes in embryonic vessel
development, with overlapping functions that are required
for normal blood vessel formation.

Zebrafish

The zebrafish is an excellent system for analyzing vascu-
lar development. Zebrafish intersegmental vessels corre-
spond to mammalian capillary sprouts, whereas the axia
vessels correspond to larger blood vessels, such as arteries
and veins (Figure 2A, control). The zebrafish NRP1 gene
(znrpl) was isolated, and the ZNRP1 protein was shown to
be a functional receptor for human VEGF,g. Whole-mount
in situ hybridization showed that transcripts for znrpl dur-
ing embryonic and early larval development were detected
mainly in neuronal and vascular tissues. Knockdown of
ZNRP1 by using specific antisense oligos (Morpholino) in
embryos resulted in severe defects in angiogenesis, includ-
ing impaired circulation in the intersegmental vessels and
dorsal longitudina anastomotic vessel (DLAV) (Figure 2).
However, circulation viathe trunk artery and vein axial ves-
sels, which are formed by vasculogenesis, was not affected.
When zZNRP1 and VEGF morpholinos were co-injected into
embryos at concentrations that individually did not signifi-
cantly inhibit blood vessel development, the result was a
potent inhibition of blood cell circulation via both interseg-
mental and axial vessels. These results demonstrated that
VEGF and NRP1 act synergistically to promote a functional
circulatory system. These results may provide a physiologi-
cal demonstration that NRP1 regul ates angiogenesis through
aVEGF-dependent pathway.

Intersegmental
Vessels
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Figure 2 NRP1 Knockdown in the Zebrafish: Microangiography. Fish
embryos were injected with antisense morpholino (MO) or controls at the
one- to four-cell stage. To visualize blood vessels flow, FITC-dextran was
injected into the cardinal vein 56 hours postfertilization. (A) Normal circu-
lation of the zebrafish. Injected with the four-base mismatch morpholino
control. (B) In zebrafish injected with anti-zZNRP1 morpholino, blood flow
viaintersegmental vessels, DLAV, caudal vein plexus, and posterior veinis
diminished. Axia vessel flow, however, is not affected.

Neuropilin in Pathological Angiogenesis

Tumor Angiogenesis

Many tumor cell types express NRP1 and NRP2 and bind
VEGF,¢5. NRPs are the only VEGF receptors expressed by
these tumor cells, so that any VEGF45 activity must be
mediated by NRPs. In several clinical studies, NRP1 and
NRP2 expression was correlated with increased aggressive-
ness, malignancy, and/or hypervascularity. For example,
NRP1 was upregulated in primary sporadic prostate tumors
at different clinical stages. The correlation between NRP1
overexpression with advanced disease suggested that NRP1
overexpression might be a marker of aggressiveness.

The function of NRP1 in tumor cells has been analyzed
directly by expressing NRP1 in tumor cells under the con-
trol of atetracycline-inducible promoter. Concomitant with
increased NRP1 expression in response to tetracycline,
tumor cell migration and VEGF,¢5 binding was increased.
However, induction of NRP1 did not affect tumor cell
proliferation. When rats injected with rat prostate car-
cinoma cells were fed tetracycline, NRP1 synthesis was
induced in vivo and tumor size was increased by up to
sevenfold, compared to control. The tumors were charac-
terized by markedly increased microvessel density,
increased EC proliferation, dilated blood vessels, and
notably less tumor cell apoptosis compared to noninduced
controls. In addition, tumors overexpressing NRPL1 retained
higher levels of VEGF, possibly because of “trapping” by
NRPL1. It was concluded that NRP1 expression results in
enlarged tumors associated with substantially enhanced
tumor angiogenesis.

On the other hand, SNRP1 is atumor antagonist. Tumors
of rat prostate carcinoma cells overexpressing recombinant
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SNRP1 in vivo were characterized by extensive hemorrhage,
damaged vessels, and apoptotic tumor cells. Because SNRP1
inhibits 1251-V EGF, ¢ binding to EC and VEGF,¢-induced
tyrosine phosphorylation of VEGFR-2 in EC in vitro, this
tumor phenotype may be caused by VEGF,g; withdrawal
and lack of bioavailability. Withdrawal of VEGF,g5; from
tumors has previously been shown to result in vascular
damage, EC apoptosis, hemorrhage, and extensive tumor
NEeCrosis.

Vascular Injury and Disease

NRPs are more highly expressed in the developing
embryo as compared with the normal adult, but are induced
following injury such as ischemia. Several pathologies that
are characterized by ischemia-induced angiogenesis have
shown NRP1 upregulation. For example, in the adult mouse,
NRP1 expression in ischemic brain was significantly upreg-
ulated as early as two hours and persisted at least 28 days
after focal cerebral ischemia There was a marked increase
in NRP1 expression in EC of cerebral blood vessels at the
border and in the core of the ischemic lesion after seven
days. These results suggest that upregulation of NRP1 may
contribute to neovascular formation in the adult ischemic
brain. In another mouse ischemia model system, very little
NRP2 expression was observed in normal blood vessels
after birth. However, NRP2 expression was induced in
newly sprouting blood vessels in response to ischemiain a
hind l[imb model in which the femoral artery was occluded.
Increased NRP1 expression was also detected in pathologi-
cal retinal neovascularization induced by ischemia. In this
case, expression of NRP1 and VEGFR-2 was co-localized in
the area of neovascularization.

Summary

Substantial evidence based on cell culture and transgenic
mouse studies indicates that NRPs are novel and significant
regulators of blood vessel development. During embryonic
development, NRP expression occurs early, in the blood
islands of the yolk sac. NRP expression is required for the
normal branching and organization of large vessels and cap-
illaries in the developing embryo. In the developing heart,
NRP1 is required for normal formation of the large vessels.
In the adult, NRP expression is generally reduced, but it is
strongly upregulated in blood vessels in response to vascu-
lar injury. Tumor cells are among the highest expressers of
NRPs, and overexpression of NRP1 enhances tumor angio-
genesis and progression. The significance of direct VEGF
binding to tumor cells is unknown but might involve
enhancement of tumor cell migration and survival. On the
other hand, whereas overexpression of full-length NRP1 in
tumor cells enhances tumor angiogenesis, overexpression of
SNRP1 suppresses it.

It is now well established that NRPs are crucia for vas-
cular development and angiogenesis. In the future, goas

will include determining the molecular mechanisms by
which NRP regulates EC functions and elucidating the role
of NRPsin normal physiology and in pathology.

Glossary

Angiogenesis: The formation of new blood vessels that sprout from
preexisting blood vessels.

Axonal guidance: Also know as axonal pathfinding and neuronal
guidance. The process by which neuronal axons move to their destinations
in response to chemorepellants and chemoattractants, such as the
semaphorins.

Vasculogenesis: The formation of blood vessels from endothelial cell
precursors, for example, arteries and veins.
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Introduction

Receptor tyrosine kinases (RTKS) have essential rolesin
the formation, maintenance, and function of the micro-
vasculature. Vasculogenesis and angiogenesis, involving
differentiation, migration, proliferation, and survival of
endothelial cells, as well as microvascular regression,
inflammation, and permeability are all controlled by RTK
signaling pathways. Being able to understand how these
pathways work will provide new opportunities for therapeu-
tic manipulation of the microvasculature relevant to a wide
range of diseases, from inflammatory diseases to tumor
growth and tissue ischemia. In this chapter, signaling path-
ways utilized by four of the key families of RTKs of the
microvasculature are outlined. Because of space constraints,
we have focused on RTKs in the endothelium. Signaling
pathways controlling the specialized functions of the
microvasculature are best studied in the physiologically
appropriate cell types. Although data from nonvascular cells
can be extremely vauable in guiding understanding, such
cellsmay lack key components of signaling or effector path-
ways, co-receptors, and signaling cross-talk important in the
mechanisms by which the RTKs exert their effects in vascu-
lar cells. We have, therefore, focused on RTK signaling
pathways demonstrated in endothelial cells rather than
extrapolated from findings in nonvascular cells.

RTKs are activated by ligand-induced clustering. This
permits transphosphorylation of regulatory tyrosine residues
in the RTKSs, activating kinase activity and inducing phos-
phorylation of additional tyrosine residues. These phospho-
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tyrosines act as docking sites for SH2 and PTB domains in
intracellular signaling molecules, leading to their recruit-
ment to the RTKs. Such signaling molecules may then
become activated by phosphorylation or protein-to-protein
interactions and initiate a signaling cascade linking the RTK
to effector mechanisms. In the following sections, these sig-
naling cascades are reviewed with respect to the microvas-
culature. Where amino acid numbers are given, they refer to
positions in the human sequences.

Signaling by VEGF Receptors

The vascular endothelia growth factors (VEGFS) have
central roles in initiating blood vessel formation by both
stimulating angioblast differentiation and activating angio-
genesis from existing vessels. There are six members of the
VEGF ligand family: VEGF-A to VEGF-E and placental
growth factor (PIGF). These ligands signal viathree VEGF-
RTKs: VEGF-receptors-1 to 3. VEGF-A is the predominant
form of the ligand and can bind all three receptors, whereas
PIGF and VEGF-B recognize only VEGFR-1, and VEGF-E
is specific for VEGFR-2. VEGF-C and D bind VEGFR3 and
to some extent VEGFR2. All three RTKs have a similar
overall structure, with aligand binding extracellular domain
containing seven immunoglobulin-like repeats and intracel-
lular domain comprising a juxtamembrane sequence, tyro-
sine kinase domain with kinase insert, and carboxy-terminal
tail. VEGFR-3 is mainly confined to lymphatic endothelia,
where it has important roles in lymphangiogenesis. The

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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principal VEGF-RTKs of the microvasculature are VEGFR-
1 and VEGFR-2, which are the focus of this section.
Because most endothelial cells express both VEGFR-1 and
-2, defining the specific roles and signaling events mediated
by each receptor in response to VEGF has been challenging.
One way to address thisissue has been by overexpression of
chimeric receptors, alowing specific activation of each
receptor, or the expression of each receptor individually
in cells that do not normally express VEGFRs. Such
approaches are useful, but care is required in extrapolating
to the situation in primary endothelial cells expressing phys-
iological levels of receptors. Some of the discrepancies
reported in signaling by VEGFRs may be a result of these
limitations.

VEGFR-1 Signaling

Of the two microvessel VEGF-RTKs, VEGF-A binds
with highest affinity to VEGFR-1. However, this receptor
appearsto have relatively low kinase activity, and VEGF-A-
activated increase in kinase activity or autophosphorylation
of VEGFR-1 is difficult to detect in endothelial cells. One
function of the receptor may therefore be to act as anegative
regulator of VEGF-A activity by sequestering the ligand and
preventing it from activating VEGFR-2.

In addition to any rolein regulating VEGF-A availahility,
VEGFR-1 does have signaling activity. Transgenic mice
expressing a truncated form of VEGFR-1, lacking the intra-
cellular domain, exhibit normal developmental angiogenesis
but have compromised pathological angiogenesis, indicat-
ing involvement of the intracellular VEGFR-1 signaling
domain. VEGFR-1-specific ligands also activate distinct
patterns of gene expression, again consistent with the
receptor having discrete signaling activity. The signaling
pathways utilized by VEGFR-1, however, are poorly
understood. Phosphorylation has been observed in bac-
ulovirus expressed intracellular domains of the receptor and
in cells overexpressing VEGFR-1 in response to VEGF-A.
The principal phosphorylation sites identified in these stud-
ies were Y1169, Y 1213, and Y 1333. VEGF-A activation of
nonoverexpressing endothelial cells increases Y 1213 phos-
phorylation. PLCy, Nck, and Crk bind to phosphopeptides
containing the Y1333 site, and SHP2, phospholipase
Cy (PLCy), and Grb, bind to Y1213 phosphopeptides.
Increased tyrosine phosphorylation of PLCy, Crk, and SHP,
has also been observed in response to VEGF-A stimulation
in cells overexpressing VEGFR-1. These data suggest
that the receptor could modulate Ca™/DAG (via PLCy)
and Ras/Raf pathways (via SHP,/Grb,), although more
work is necessary to establish interaction of the receptor
with these intermediates in endothelial cells expressing
physiological levels of receptor in their normal cellular
background.

VEGF-A and the VEGFR-1-specific ligand PIGF appear
to have some distinct effects on VEGFR-1 in endothelia
cells expressing norma levels of the receptor. The two
ligands induce different patterns of gene expression and

activate phosphorylation of different tyrosine residuesin the
receptor. In contrast to the effects of VEGF-A on Y 1213,
PIGF activates phosphorylation of Y1309. The signaling
and functional consequences of Y1309 phosphorylation
have yet to be defined. Such differential effects of ligandson
the receptor provide a means for distinct activities of the
ligands on endothelial cells and raise the important question
of the mechanism for ligand-specific phosphorylations in
VEGFR-1.

There is cross-talk between VEGFR-1 and VEGFR-2.
Specific activation of VEGFR-1 by PIGF enhances VEGF-
A-activation of VEGFR-2 by a mechanism involving
transphosphorylation of VEGFR-2 by VEGFR-1. The two
receptors exist as homomeric complexes and preformed het-
eromeric complexes in endothelial cells.

In summary, VEGFR-1 has apparently low kinase activ-
ity and can act to sequester VEGF-A and regulate signaling
by VEGFR-2. Specific ligands for VEGFR-1 can modul ate
signaling via VEGFR-1 by displacing sequestered VEGF-A
and enhancing VEGFR-2 activity by transphosphorylation.
Such activities are likely to be involved in the enhance-
ment of VEGF-induced angiogenesis by PIGF. In addition,
VEGFR-1 does have distinct signaling capability responsi-
ble for regulating specific gene expression profiles, and
probably other effects in endothelial cells.

VEGFR-2 Signaling

The limited ability to detect VEGFR-1 activation has led
to the suggestion that the principal receptor mediating the
effects of VEGF-A in endothelial cells is VEGFR-2. The
receptor has been implicated in VEGF-induced endothelial
migration, proliferation, and differentiation, as well as the
pro-inflammatory and permeability effects of the ligand.
Reported sites of tyrosine phosphorylation in VEGFR-2
include Y 951, Y996, Y 1054, Y 1059, Y 1175, and Y 1214. Of
these, Y1175 and Y 1214 appear to be primary sites of phos-
phorylation, and Y1175 has been confirmed in endothelial
cells expressing physiological levels of receptor.

Specific activation of VEGFR-2 in nonoverexpressing
endothelial cells provides an antiapoptotic signal requiring
phosphatidylinositol-3-kinase (PI-3K) and Akt. The activity
of Akt is stimulated by VEGF in endothelia cells in
response to VEGFR-2-specific ligands, and PI-3K and Akt
are both activated via VEGFR-2 in cells overexpressing the
receptor. The precise way in which PI-3K is activated by
VEGFR-2 is not clear, but in some studies the receptor was
found to associate directly with the p85 subunit of PI-3K
(pY 801, pY 1175), whereasin others p85 was bound to focal
adhesion kinase (FAK) recruited to pY 1214 of VEGFR-2, or
VEGFR-associated protein (VRAP), which is recruited to
pY951. Intriguingly, the antiapoptotic activity of VEGF
appears to involve the interendothelial adhesion molecule
VE-cadherin. In cells from mice lacking the intracellular
domain of VE-cadherin, coupling between VEGFR-2 and
Akt isimpaired and interaction between VEGFR-2 and p85
is decreased. Further work will be required to define the
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mechanism by which VE-cadherin modulates VEGFR-2
association with p85.

The signaling pathway by which VVEGF induces endothe-
lial migration via VEGFR-2 is unclear. The pathway is
likely to involve FAK and PLCy, both of which interact with
VEGFR-2 and have been implicated in VEGF-stimulated
endothelial migration in studies using mutant receptors and
inhibitors. VEGF activation of endothelial proliferation
occurs via a signaling pathway involving VEGFR-2 activa-
tion of PLCy following its recruitment to pY1175. The
resulting generation of diacylglycerol (DAG) activates pro-
tein kinase C (PKC), which in turn stimulates Raf and the
Erk pathway.

VEGF markedly increases vascular permeability, and
use of receptor-specific ligands indicates this is mediated
via VEGFR-2. Again, however, the signaling mechanisms
involved are not yet understood. There is good evidence that
PLCy-mediated DAG generation and Cat* mobilization
contribute to increased nitric oxide (NO) generation, leading
to elevation of cGMP and increased vascular permeability.
In addition, Akt, activated viaVVEGFR-2 as described previ-
oudly, has aso been implicated. One action of the Akt is to
phosphorylate endothelia nitric oxide synthase (eNOS) on
serinel177 and increase NO production. The PLCy pathway
appears to predominate in the first few minutes of VEGF-
induced vessel permeability, after which the Akt pathway
becomes more important. The downstream events mediating

the effects of cGMP on permeability have yet to be clearly
defined. The lack of effects of VEGF on vascular perme-
ability in transgenic mice lacking p60Src and p62Yes indi-
cate that these members of the Src family of intracellular
tyrosine kinases aso participate in the permeability signal-
ing pathway, although exactly how is not yet known. Acute
increased permeability of microvesselsin responseto VEGF
can occur through formation of fenestrae, which is stimu-
lated by VEGF, and increased transcellular flux. Clear defi-
nition of the mechanisms by which fenestrae form and
transcellular flux increases will alow delineation of the
missing links between the VEGFR-2-NO signaling path-
way and increased permeability. Figure 1 summarizes
in schematic form some of the best elucidated VEGFR-2
signaling pathways.

Signaling by FGF Receptors

There are more than 20 FGFs, and the best studied of
these are FGF-1 and FGF-2. The FGFs signal via four FGF
RTKs, FGFR-1 to FGFR-4, and variants of these receptors
arise by alternative splicing. These receptors have a similar
overall structure, with extracellular domains containing
two or three immunoglobulin repeats and an alternatively
spliced sequence rich in acidic residues and serines, the
acidic box. The intracellular domains comprise a juxtamem-

Figure 1 Overview of VEGFR-2 Signaling. Schematic representation of VEGFR-2 illustrating main
sites of tyrosine phosphorylation. Shaded boxes in the intracellular portion of the receptor denote the kinase
domain. Signaling intermediates, PLCy, Grb2, FAK, and VRAP, known to interact with VEGFR-2, are
shown adjacent to the phosphotyrosine residues to which they bind. Arrows indicate downstream pathways
reported in endothelial cells to be initiated from signaling molecules recruited to VEGFR-2. VEGFR-2-
activated PLCy acts on phosphatidylinositol 4,5-bisphosphate to generate DAG and the Catt mobilizing
second messenger inositol 1,4,5-trisphosphate (IPs). Increased intracellular Ca* may also occur viaan |P;-

independent route.
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brane region, tyrosine kinase domain with kinase insert, and
carboxy-terminal tail. In contrast to the VEGFR family,
receptors for FGF are expressed by a wide range of cell
types. FGFR-1 has been shown clearly to have a role in
microvessel formation and maintenance. FGFs stimulate
endothelia proliferation, migration, and organization into
capillary tubes.

Activation of FGFR-1 results in phosphorylation of the
juxtamembrane Y463, Y583/585 in the kinase insert,
Y 653/654, Y 730, and in the carboxy-tail Y 766. Several sig-
naling pathways are activated by FGFR-1, including the PI-
3K pathway and stimulation of Src family kinases. The
best-elucidated pathways are those leading to PKC activa-
tion and ERK 1/2 stimulation, linking FGFR-1 to endothelial
proliferation. Phosphorylation of Y 766 isimportant for both
of these pathways. This phosphotyrosine provides a site for
recruitment and activation of PLCy, leading to generation of
inositol 1,4,5-trisphosphate (IP;) and DAG with subsequent
PKC stimulation.

FGFR-1 is linked to the Ras’ERK 1/2 pathway and pro-
liferation via a multisubstrate adaptor FRS2. In some stud-
ies, this adaptor has been found constitutively associated
with the juxtamembrane region of FGFR-1 via the FRS2
PTB domain, although in a phosphotyrosine-independent
manner. Activation of FGFR-1 resultsin markedly increased
phosphorylation of FRS2, creating recruitment sites for
Grb2 and Shp2. Grb2 is associated with the guanine

nucleotide exchange factor SOS that activates Ras, thereby
initiating the Raf/ERK1/2 cascade. In endothelia cells,
stimulation of FRS2 phosphorylation by FGFR-1 requires
the adaptor protein Shb that binds to phosphorylated Y 766
in FGFR-1. This adaptor does not interact directly with
FRS2 but associates with Shp2, providing an indirect link.
Further work will determine the mechanism by which Shb
mediates FGFR-1 phosphorylation of FRS2. These signal-
ing events are illustrated in Figure 2. Additional, undefined
pathways exist in endothelial cells for FGFR-1 activation of
the ERK1/2 pathway.

In several cell types, the adaptor protein Gabl is re-
cruited to FGFR-1-activated FRS2 via its interaction with
the SH3 domain of Grb2. FGFR-activated phosphorylation
of Gabl then creates a binding site for the SH2 domain of
the p85 regulatory subunit of PI-3K, resulting in activation
of PI-3K and Akt. Although not yet directly demonstrated, it
is likely that a similar pathway is responsible for the FGF-
activation of PI-3K/Akt in endothelial cells.

The Ephs and Ephrins

The Eph family of RTKs comprise 15 members. They are
activated by ligands, the ephrins (of which there are 9),
which are cell surface bound. This system functions in
short-range cell-to-cell communication. The ephrins are

Figure 2 FGFR-1 Signaling in the Endothelium. This schematic figure shows the main tyrosine phos-
phorylation sites in FGFR-1. Shaded boxes in the intracellular portion of the receptor denote the kinase
domain. Signaling intermediates are shown adjacent to phosphotyrosine residues to which they bind. The
adaptor protein FRS2 may be constitutively associated with the juxtamembrane region of FGFR-1. Maximal
phosphorylation of FRS2 requires binding of Shb to pY 766. Shp2 has been found to be constitutively asso-
ciated with Shb and may act to link Shb with FRS2 phosphorylation. The pathways shown are those for
which clear evidence exists in endothelia cells.
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divided into two subtypes: (1) those bound to the cell sur-
face by glycosylphosphatidyl inositol (GPI) linkages, class
A ephrins, and (2) those with transmembrane domains, class
B ephrins. Two subtypes of Eph have also been defined,
generaly EphAs bind class A ephrins and EphBs class B
ephrins. EphB2, EphB3, and EphB4 as well as the ligands
ephrinB1 and ephrinB2 have been implicated in microvessel
formation. Transgenic mice deficient in EphB4 or ephrinB2
have defects in vasculogenesis and compromised angio-
genic remodeling. Deficiency of EphB2 and EphB3 also
results in defective vessel remodeling, although because of
some functional compensation, the single knockouts do not
have a defective vascular phenotype. These phenotypes are
consistent with the known involvement of the Eph/ephrin
system in regulating cellular repulsion, adhesion, and migra-
tion. The broadly reciprocal expression of EphB4 in venous
endothelium and its ligand ephrinB2 in arterial endothelium
suggest involvement in suppression of mixing between the
two cell types, again in accord with roles in regulation of
adhesive and repulsive interactions.

The Eph receptors all possess a glycosylated extracellu-
lar region consisting of an N-terminally located ligand-
binding site, a cysteine-rich domain, and a dimerization
motif contained within two fibronectin I11-ike repeats. The
intracellular region follows the single transmembrane span-
ning domain and consists of a juxtamembrane region and a
single tyrosine kinase domain, each of which contain
tyrosines that when phosphorylated act as docking sites for
downstream signaling molecules. The C-terminus has a
PDZ binding motif to which PDZ motif containing pro-
teins bind. These may act as scaffolds for the assembly
of multiprotein signaling complexes at the membrane.
There is a sterile apha motif (SAM) domain just before
the C-terminus, which may regulate dimerization of the
receptors.

The membrane-bound ephrin ligands present in a clus-
tered state to the Eph receptors. The extent of clustering may
determine the level of activation of the Eph receptor. Impor-
tantly, the ephrins also have signaling capacity, and the class
B ligands become tyrosine phosphorylated on binding their
receptors. Thus, both EphB receptors and ephrin-B ligands
areinvolved in bidirectional signaling.

Eph/Ephrin Signal Transduction

A large number of adaptor proteins, namely, SLAP, Grb2,
Grb10 Crk, and Nck, together with cytoplasmic signaling
proteins such as RasGAP, Src, Abl, LMW-PTP, PLCy, and
PI-3K, have been shown to interact with Eph receptors and
their ligands in studies on patterning in the nervous system.
These studies have established Eph/ephrin signaling in con-
trolling neural cell morphology and architecture, attach-
ment, and motility. In contrast, very little is known about
Eph/ephrin signaling pathways in the endothelium and
microvasculature. However, the adaptor protein Crk has
been strongly implicated in ephrinB1l-induced membrane
ruffling and focal complex assembly in endothelial cells.

EphrinB1 induces phosphorylation of EphB1 in human
endothelial cells and activates both Racl, resulting in mem-
brane spreading, and Rapl, which mediates stabilization of
focal complexes. These events depend on the adaptor func-
tion of Crk, which has been shown to associate with Ephs
following their activation in other cell types. Ephrin-B1
transduces signalsto modul ate integrin-mediated cell attach-
ment and migration in endothelia cells and promotes angio-
genesisin vivo, athough the signaling pathway hasyet to be
clearly defined. EphB2 and EphB4 have been shown to
recruit p120RasGap on activation and suppress VEGFR-
and Tie2-mediated endothelial migration, but again further
work will be required to establish the precise signaling cas-
cades involved.

Signaling by the Tie Receptor
Tyrosine Kinases

The Tie family comprises two members: Tiel and Tie2.
Both of these RTK's are essential for blood vessel formation
and maintenance. There have been no ligands yet identified
for Tiel, and relatively little is known about the cellular
functions and signaling pathways utilized by this receptor.
Tiel does inhibit endothelial apoptosis and promote vessel
survival. Several ligands, the angiopoietins, have been
identified for Tie2. Of these, angiopoietin-1 (Angl) and
angiopoietin-2 (Ang2) have been best characterized. Angl
isan activator of Tie2, and Ang2 can activate Tie2 or antag-
onize the effects of Angl depending on the cellular context.
Tie2 inhibits endothelial death, promotes endothelial migra-
tion, suppresses microvessel regression, inhibits vascular
inflammation, and promotes microvessel integrity.

Structurally, Tiel and Tie2 share several key features.
The extracellular domain consists of two immunoglobulin-
like domains separated by three epidermal growth factor
motifs and followed by three fibronectin Il1-like repeats.
Intracellularly, the receptors each contain a tyrosine kinase
domain interrupted by a kinase insert region.

Tiel Signaling

Studies examining Tiel signaling have utilized chimeric
receptors in which the extracellular domain of Tiel is
replaced by that of areceptor with known ligand. Using this
approach, Tiel exhibits a very limited ability to undergo
phosphorylation and appears to have a low kinase activity
in comparison with Tie2. Nevertheless, the receptor
does interact with the adaptor Shp2 and the p85 subunit
of PI-3K. The latter interaction initiates an antiapoptotic
signaling cascade viaAkt. Tiel also interacts with Tie2, and
a pool of preformed Tiel:Tie2 hetero-oligomers exist in
endothelia cells.

Tie undergoes regulated ectodomain cleavage in which
the extracellular domain of the receptor is proteolytically
released. This generates an intracellular fragment contain-
ing the tyrosine kinase domain. This fragment may have



74

ParT | Basic Science

signaling functions. Ectodomain cleavage of Tiel is stimu-
lated by VEGF.

Tie2 Signaling

Several phosphorylation sites have been identified in
Tie2, including Y 992 in the activation loop of the kinase and
Y1102, Y1108, and Y1113 in the carboxy-terminal tail of
the receptor. Y1108 has been confirmed as a phosphoryla-
tion site in Angl-activated endothelial cells. Ligand-
activated phosphorylation of Y 1108 resultsin recruitment of
the multiple adaptor protein Dok-R and its tyrosine phos-
phorylation. This recruitment entails localization of Dok-R
to the membrane via interaction of Dok-R PH domain with
membrane phosphoinositide lipid products generated by Pl-
3K, and binding of the adaptor to pY1108 via its PTB
domain. Maximal activation of Dok-R tyrosine phosphory-
lation by Tie2 therefore depends on Y 1108 phosphorylation
and activation of PI-3K. Phosphorylated Dok-R recruits the
adaptor Nck and p21-activating kinase (Pak) that constitu-

4
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tively associates with it. Pak activity is stimulated in this
complex of Tie2/Dok-R/Nck/Pak. This cascade mediates
Tie2-stimulated endothelial motility.

The antiapoptotic activity of activated Tie2 is mediated
via the PI-3K/Akt pathway. Phosphorylation of Y1102 on
Tie2 creates abinding site for the p85 subunit of PI-3K. This
leads to activation of PI-3K and Akt and suppression of
apoptosis. Tie2 activation also stimulates tyrosine phospho-
rylation of FAK, and this depends on PI-3K activity. Other
signaling intermediates have been reported to interact with
phosphorylated Tie2, including Grb2, ShP2 Grb7, and
Grb14. Further work will be required to delineate the precise
involvement of these molecules in Tie2 activity. Tie2 also
recruits the NFxB regulatory protein ABIN-2. This recruit-
ment is dependent on Tie2 phosphorylation and is activated
by Angl in endothelial cells. Interaction between Tie2 and
ABIN-2 appears important in the anti-inflammatory effects
of Tie2, although the signaling pathway involved has yet to
be clearly defined. Tie2 signaling pathways are summarized
in Figure 3.

Figure 3 Tie2 Signaling Pathways. In this schematic figure, the three main phosphorylation sites in the
carboxy-terminal of Tie2 are shown together with signaling intermediates reported to interact with the recep-
tor. Shaded boxes in the intracellular portion of the receptor denote the kinase domain. Optimal DOK-R
recruitment requires interaction with pY 1108 in Tie2 via the DOK-R PTB domain and membrane localiza-
tion via DOK-R PH domain binding to phosphoinositide lipid products generated by Pl-3k action. Tie2-
mediated phosphorylation of DOK-R provides a recruitment site for Nck hinding. Pak is constitutively
associated with Nck. Other intermediates have been found to bind Tie2 in a phosphotyrosine-dependent man-
ner; however, their roles in Tie2 action and downstream Tie2-initiated signaling cascades have yet to be

defined in endothelial cells.
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Conclusion

Despite the importance of RTK signal transduction cas-
cades in microvessel development and function, it is clear
that there are large gaps in our understanding of these cas-
cadesin microvascular cellsfor each of the RTKs reviewed.
A more comprehensive knowledge of events at the receptor,
downstream pathways, and linkage with effector mecha
nismsis needed for each of the microvascular RTK's. Impor-
tant questions also remain on the specificity of signaling
cascades in the microvasculature, how different RTKs
can activate the same signaling pathway but have dif-
ferent effects on the cell. For example, VEGF and Angl
both activate the Akt pathway, but VEGF stimulates pro-
inflammatory gene expression and Angl suppresses this via
a mechanism that requires Akt activation. Differences in
spatial, temporal, and quantitative aspects of signal cascades
as well as the profile of signaling events elicited by each
receptor is likely to underlie some of the specificity in sig-
naling. The cell isrequired to integrate many signalsinto the
physiological setting. An important challenge is to under-
stand how the different RTK signaling pathways coordinate,
both with each other and with non-RTK pathways. Such
coordination is likely to involve interactions between
cascades within the cell as well as regulation at the level of
ligand and receptor. For example, VEGF impacts Tie sig-
naling by inducing proteolytic cleavage of Tiel, and hetero-
oligomeric complexes of VEGFR1:VEGFR2 and Tiel:Tie2
provide mechanisms for cross-talk between receptors of the
same family. The specialized functions and architecture of
the microvasculature provide an opportunity to gain funda-
mental insights into mechanisms of signal transduction and
how they regulate tissue morphogenesis and maintenance.
Such insights may provide new strategies for treatment of
ischemic disease, cancer, and inflammatory conditions.

Glossary

Adaptor protein: (also called adapter protein): A protein that can act
as a binding intermediate. Adaptor proteins bind to one protein, for exam-
ple an activated receptor, and provide binding sites for the recruitment of
other proteins.

Autophosphorylation: The phosphorylation of a protein by itself.
Receptor tyrosine kinases are said to undergo autophopshorylation follow-
ing ligand activation. In fact, ligand binding enhances RTK dimerization or
oligomerization, allowing individual RTKs within the complex to be phos-
phorylated by other RTKs also in the complex (transphosphorylation).

PTB domain: Phosphotyrosine binding domains are between 100 and
170 amino acids and bind phosphotyrosine, usually flanked by an
asparagines-proline-X amino peptide. PTB domains in some proteins
appear to have broader binding specificity, including nonphosphorylated
sequences.

SH2 domain: SH2 domains comprise approximately 100 amino acids
and bind phosphotyrosine-containing peptides. The specificity of SH2
binding is determined by the amino acid residues flanking the phosphory-
lated tyrosine.

SH3 domain: A protein module binding proline-rich peptides.
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I ntroduction

All cell membranes, including those of the pulmonary
endothelium, are composed in large part of phospholipids
structurally derived from glycerol. In addition to serving a
barrier function, these compounds are metabolized by a
family of phospholipases, which liberates precursors of bio-
logically active compoundsthat act in both an endocrine and
paracrine fashion to alter physiologic responses. These
phospholipids are enriched in the sn-2 position with arachi-
donic acid, a 20-carbon akane with four double bonds.
Metabolism of arachidonic acid proceeds by oxygen inser-
tion catalyzed by severa different enzyme families, in-
cluding cyclooxygenase 1 (COX-1) and cyclooxygenase 2
(COX-2), yielding an unstable intermediate prostaglandin
(PG) H2. Further metabolism of this compound depends on
the complement of available enzymes in a given cell type
(e.g., prostacyclin synthetase in endothelial cells and throm-
boxane synthase in platelets), but can result in formation of
avariety of prostaglandins, including PGD,, PGE,, PGF,,,
prostacyclin (PGl,), and TXA,. In the vascular bed of the
lung, the predominant prostaglandins made by vascular
endothelium are prostacyclin and PGE,. Smooth muscle
cellsin lung vessels are net producers of both thromboxane
A, and prostacyclin.

It is also possible for arachidonic acid to be metabolized
by lipoxygenases (yielding leukotrienes and lipoxins) and
specific cytochrome P450 enzymes [yielding epoxye-
icosatrienoic acids (EETs), and stereospecific hydroxye-
icosatetraenoic  acids, (HETES)]. Alternately, during
situations of enhanced oxidant stress, reactive oxygen
species can directly interact with arachidonic acid esterified

to membrane phospholipids to form isoprostanes (1soPs),
compounds analogous to prostaglandins but with different
stereochemistry (Figure 1). All of these molecules derived
from arachidonic acid are known as eicosanoids.

In vitro studies document that specific enzymes critical
for synthesis of unique prostaglandins and leukotrienes are
restricted in their cell distribution. As such, the appearance
of end productsin biological samples allowsinference about
which cells have been activated in vivo. In the case of intact
tissues and organs perfused with blood containing cells with
different metabolic capacities, additional opportunities for
mediator synthesis are created. For example, early in the
pulmonary inflammatory process, upregulation of adhesion
molecules facilitates neutrophil binding to pulmonary vas-
cular endothelia cells. Neither cell in isolation is capable
of metabolizing arachidonic acid into cysteinyl leukotri-
enes (LTC,, LTD,, LTE,). However, an unstable epoxide
intermediate, LTA,, can be formed by the actions of 5-
lipoxygenase in the neutrophil and transferred to the
endothelial cell because of intimate cellular apposition. The
endothelial cell lacks 5-lipoxygenase but does contain abun-
dant LTC, synthase and is able to complete formation of a
cysteinyl leukotriene [1]. Such transcellular biosynthesis
with transfer of arachidonic can also occur between platelets
and endothelium to facilitate formation of prostacyclin. This
is part of the biochemical basis for the beneficial effects of
antiplatelet agents, such as aspirin, in prevention of myo-
cardial infarction and stroke. Such processes emphasize
the dynamic and complex nature of pulmonary vascular
eicosanoids biosynthesis and, with waxing and waning of
cell apposition, allows some plasticity in the eicosanoid syn-
thetic capability of the lung.

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 Enzymatic metabolism of membrane phospholipid, via arachidonic acid, to form
eicosanoids. Specific enzymes are shown in italics (LOX = lipoxygenase; COX = cyclo-oxygenase;
P450 = cytochrome P450; “Synthases’ includes PGD synthase, PGE synthase, PGF2 isomerase,
prostacyclin synthase, and thromboxane synthase. (see color insert)

The pulmonary microvasculature serves not only as an
important source of prostaglandins but also as a mgjor site
of metabolism of these molecules. The standard bisenoic
prostaglandins (PGE,, PGD,, PGF,,) are rapidly metabo-
lized (60% to 90%) on first passage through the lung. This
proceeds via oxidation of the 15-hydoxyl function followed
by reduction of the 13,14-double bond, resulting in the
respective 15-keto-13,14-dihydro metabolites [2]. Presum-
ably such rapid metabolism by the lung limits systemic
effects of prostaglandins generated in the splanchnic circu-
lation. However, during periods of oxidant stress, such asin
prolonged hyperoxia, or when lung endothelial function has
been compromised (e.g., sepsis with ARDS), transpul-
monary clearance of PGE, has been shown to be markedly
reduced. Such loss of the normal, homeostatic clearance
function of the pulmonary vascular bed may result in signif-
icant ateration in function of systemic organs during times
of prostaglandin overproduction. Interestingly, metabolism
of both prostacyclin and thromboxane A, tends to occur via
both spontaneous hydrolysis, which curtails the circulating
haf-life of both autocoids to a few minutes, and hepatic
metabolism by beta oxidation pathways in the liver.

The biological effects of prostaglandins depends on bind-
ing to specific cell surface receptors. There are subtypes
of many of the prostaglandin receptors, which may signa
by entirely different mechanisms. For example, of the four
different E-prostaglandin (EP) receptors, one signas by
altering calcium flux, two increase cellular cyclic adenosine
monophosphate (AMP) levels, and one decreases c-AMP
[3]. Relative regiona differences in density of such recep-
tors on target tissues and effector cells modulates the effects
of eicosanoids on vascular tone and microvascular fluid and
solute exchange. In addition, the structural similarity that

exists between the different el cosanoids can result in “ recep-
tor promiscuity”—high levels of a structuraly similar
eicosanoid ligand can activate arelated receptor. In vivo and
in vitro studies have documented such cross-talk between
PGD,, and the thromboxane (TP) receptor and between the
prostacyclin and the EP receptor.

As described previously, a wide array of eicosanoid
metabolites, often with opposing actions and synthesized
by multiple cell types, are produced in, and act on, the
pulmonary microvasculature. The predominant endothelial
cell product is prostacyclin, a key endogenous vasodilator
that results in rapid elevation of intracellular c-AMP after
binding to its receptor. This in turn activates protein kinase
A and decreases intracellular calcium concentration, leading
to relaxation of smooth muscle. Both vasoconstrictors
(angiotensin 1) and vasodilators (nitric oxide) have been
shown to increase the synthesis of prostacyclin. In addition,
increased shear force is a potent stimulus for prostacyclin
synthesis by endothelium. Of note, in precapillary PAH,
the ordinary pulsatile capillary flow in the lung is lost.
This may contribute to the decrease in synthesis observed
in many forms of pulmonary arterial hypertension
(PAH).

Prostacyclin has additional properties that are important.
These include inhibition of platelet aggregation and effects
on muscle growth and cardiac contractility [4]. PGI, is a
well documented inhibitor of platelet aggregation, which is
mediated, similar to its vasodilatory actions, through an
increase in intracellular c-AMP. Importantly, prostacyclin
does not inhibit initial platelet adhesion at the site of vessel
wall injury and thus allows hemostasis without vessel occlu-
sion. When used in pharmacological doses for the treatment
of PAH (see following discussion), although bleeding time
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increases, clinical evidence of excessive bleeding in patients
does not occur. PGI, also modulates leukocyte adhesion to
abnormal vascular surfaces, preventing local leukostasis and
limiting inflammation. The intracellular increase in c-AMP
resulting from engagement of PGI, to its receptor has also
been shown to inhibit DNA synthesis in vascular smooth
muscle cells. Direct inotropic effects of prostacyclin have
been demonstrated in anima studies evaluating isolated
ventricular muscle preparations, and clinically important
improvement in cardiac output following administration of
epoprostenol, the synthetic salt of prostacyclin, has been
reported in patients with pulmonary hypertension receiving
chronic therapy.

Thromboxane A, (TXA,) is the principle eicosanoid pro-
duced by platelets, but significant production in alveolar
macrophages and monocytes occurs as well, especially
when they are activated [5]. TXA, has properties opposite to
those of PG, in that it is a potent vasoconstrictor and pro-
motes platelet aggregation and smooth muscle growth, the
latter possibly through a protein kinase C-linked pathway.
Numerous triggers of platelet activation, including acute
lung injury, endotoxemia, shear force, and procoagulant
alterations of the endothelial surface, lead to increased TxA,
synthesis.

It is well known that PGD, causes bronchoconstriction.
Its effects on the pulmonary vasculature are less well docu-
mented, but in sheep PGD, causes vasoconstriction, likely
through binding to the TxA, receptor. Conversely, and sim-
ilar to prostacyclin, PGD, aso inhibits DNA synthesis in
vascular smooth muscle cells, but this is independent of an
increase in c-AMP. In humans, whether PGD,, has a benefi-
cia or deleterious effect on the development, maintenance,
or regression of pulmonary arteriopathy is unknown. PGD,
also may tend to oppose platelet aggregation.

Leukotrienes, eicosanoid products resulting from the
action of lipoxygenases on arachidonic acid, are potent
mediators of inflammation with well-documented involve-
ment in the pathogenesis of asthma. Recently, increased lev-
els of 5-lipoxygenase and 5-lipoxygenase activating protein
have been found in small and medium-sized pulmonary
arteries by immunohistochemical staining of lung tissue
from patients with pulmonary hypertension [6]. These
results, in combination with the finding of increased
leukotriene E4 in lavage fluid from newborn infants with
persistent pulmonary hypertension, suggests a possible role
for leukotrienes in pulmonary vasculopathies.

Isoprostanes, the result of nonenzymatic, free-radical
catalyzed peroxidation of arachidonic acid, are excellent
markers of in vivo oxidant stress. Evidence of lipid peroxi-
dation has been found in numerous vascular disorders,
including pulmonary vascular disease. |soprostanes may
also cause vasoconstriction and modulate platelet function,
possibly by binding to receptors for TxA,. Furthermore,
they can stimulate proliferation of endothelial cells and syn-
thesis of endothelin-1, an exceptionally potent endogenous
vasoconstrictor and smooth muscle mitogen. Previously
believed to be exclusively formed by cyclo-oxygenases,

a recent study indicates that as much as 30 percent of
PGD, is synthesized via the isoprostane pathway. This
suggests that oxidant stress can increase prostaglandin pro-
duction by two independent mechanisms: (1) facilitation of
enzymatic catalysis by COX, and (2) direct peroxidation of
arachidonate-containing phospholipids with phospholipase
(or PAF acetylhydrolase) induced release of prostanoids.

A large body of information has examined the role of
eicosanoids in endotemia and acute lung injury [7].
Increased levels of the major metabolite of thromboxane, a
powerful vasoconstrictor and platelet aggregating cyclo-
oxygenase product produced exuberantly by platelets, have
been demonstrated in experimental models of endotoxemia.
However, neither inhibition of thromboxane A, synthesis
nor blockade of the TP receptor abrogates the decrease in
vascular barrier function (10#26,69,74). Furthermore,
platelet depletion does not significantly modify the pul-
monary vascular permeability response to endotoxin in
chronically instrumented, nonanesthetized sheep. Both
humans and large animals develop pulmonary hypertension
following endotoxemia. Brigham and coworkers adminis-
tered E. coli endotoxin to awake, chronically instrumented
sheep and noted a two-phased response consisting of an
early phase of acute pulmonary hypertension, characterized
by increased flow of lung lymph that was relatively low in
protein. This was followed by a longer phase of increased
vascular permeability (i.e., high lymph/plasma protein
ratio), during which mean pulmonary pressure remained
only dlightly elevated. Both analytical and pharmacologic
studies using cyclo-oxygenase inhibitors suggest that throm-
boxane A, mediates the early pulmonary vasopressor
response but does not play a role in the later alteration in
microvascular permeability.

Pulmonary Arterial Hypertension

A magjor disorder involving the pulmonary microvascula-
ture and eicosanoids is pulmonary arterial hypertension
(PAH). PAH primarily affects the small pulmonary arteries
with a diameter of less than 100 microns. Pathological
changes include media hypertrophy, intimal proliferation,
in situ thrombosis, and plexiform lesions, the latter likely a
disordered attempt at neovascularization. PAH may occur
without an associated disorder, primary pulmonary hyper-
tension (PPH), or in association with connective tissue dis-
ease, congenital heart disease, portal hypertension, HIV
infection, or use of appetite suppressants. Disruption of the
endothelial lining of the microvasculature in PAH is associ-
ated with changes in the local milieu of protein and lipid
mediators. Whether these changes are causative or second-
ary to the pathological changesisuncertain. It is noteworthy
that similar pathological changes have been found in
the microvasculature of patients undergoing thromboen-
darterectomy for treatment of large-vessel thromboembolic
pulmonary hypertension, suggesting that small-vessel vas-
culopathy can result from multiple processes.
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More specifically, alterations in the production of
eicosanoid mediators have been demonstrated in animal
models of pulmonary hypertension and in PAH. Although
several eicosanoid products can affect the pulmonary
microvasculature, PGI, and TxA,, appear to play the largest
role in vascular homeostasis. Both compounds are rapidly
metabolized within seconds to minutes, and therefore, cir-
culating levels of both prostacyclin and TxA, are extremely
low (< 4pg/mL). Thisimplies that these eicosanoids are pri-
marily synthesized locally in the pulmonary vasculature,
and perturbations in the local environment are associated
with changes in mediator production.

In an anima model of pulmonary hypertension using
calves exposed to hypoxia at high altitude, investigators
found decreased synthesis of PGI, compared to control ani-
mals. More recently, studies using in situ hybridization and
Western blots have demonstrated a decrease in prostacyclin
synthase in both large and small pulmonary arteries from
patients with PAH. Additional studiesin mouse models sup-
port a pivotal role for prostacyclin in the development of
pulmonary hypertension. In a prostacyclin receptor knock-
out model, mice exposed to hypoxia developed more severe
pulmonary hypertension and vascular remodeling compared
to control animals. Conversely, when exposed to hypobaric
hypoxia, transgenic mice with overexpression of prostacy-
clin synthase produced more prostacyclin and histologically
exhibited nearly minimal medial hypertrophy in precapillary
arteriole vessels compared to significant changes in control
animals.

In patients with pulmonary vascular disease, with PPH or
related to connective tissue disease, we found increased uri-
nary metabolites of TxA, when corresponding metabolites
of prostacyclin were decreased, so the overal ratio of
TxA,/PGI, was significantly increased compared to control
subjects [8]. These findings have subsequently been con-
firmed in patients with PAH related to congenital heart dis-
ease. Although TxA,, isusually synthesized by platelets (and
to a lesser extent by other circulating cells), vascular syn-
thesis of TxA, has been demonstrated, at least in systemic
arteries. This abnormal production of TxA, may be even
more marked in PAH where an abnormal vascular lining
promotes platelet binding and activation. Combined, these
studies, in humans and in animal models, suggest that the
pathogenesis and/or maintenance of pulmonary hyperten-
sive vascular disease may involve aterations in the produc-
tion of PGI, and TxA.,,.

Clinical Modulation of Eicosanoids
in Pulmonary Vascular Disease

Attempts to treat PAH with pharmacological doses of
epoprostenol (the synthetic salt of prostacyclin), 100 to
1,000 times that normally made endogenously, began in the
early 1980s based on epoprostenol’s vasodilatory properties.
Because of the short half-life in vivo, epoprostenol must be
continuously infused via a central venous catheter; acute

clinical deterioration has been reported with acute interrup-
tion of the drug. Nevertheless, use of epoprostenol has been
approved for the long-term treatment of PAH based on
improvement in pulmonary hemodynamics, quality of life,
and survival documented in a randomized, clinical trial [9].
Currently, epoprostenol is used to treat all forms of intrinsic
PAH aswell as other disordersthat can affect the pulmonary
microvasculature, such as distal chronic thromboembolic
disease that is not amenable to operative treatment or sar-
coidosis with diffuse vascular involvement.

Intravenous epoprostenol has dramatically improved the
outcome of patients with PAH, most impressively in patients
with PPH. Resultsin patients with the scleroderma spectrum
of disease are not as impressive, perhaps because they have
asystemic disease and are generally older than patients with
PPH. Compared to historical controls or to survival pre-
dicted by the NIH PPH Registry survival equation, survival
with epoprostenal is significantly improved [10]. However,
not all patients respond to therapy, and one third of patients
with PPH still die within three years of starting treat-
ment. This may be explained by the fact that athough
most patients improve clinically, hemodynamics remain
markedly abnormal. After one year of therapy, mean pul-
monary artery pressure only decreases 10 to 15mmHg, and
pulmonary vascular resistance remains five to six times nor-
mal. Rarely do patients demonstrate normalization of pul-
monary hemodynamics. This indicates that while most
patients improve clinically, the fundamental pathological
remodeling process in the precapillary pulmonary vesselsis
not significantly affected.

Since the approval of epoprostenol, other prostacyclin
analogues have been evaluated in the treatment of PAH.
Beraprost, an oral analogue of prostacyclin, was originally
used in uncontrolled studies in Japan that purported to show
efficacy in PPH. More recently, two randomized, placebo-
controlled studies have been performed. One was a three-
month study that demonstrated improvement in six-minute
walk distance. The other was a 12-month study that initially
showed similar clinical improvement at 3 and 6 months.
However, by 9 months of treatment, no clinical benefit was
apparent, indicating that long-term benefit can not be main-
tained with the oral preparation. lloprost is another longer-
acting prostacyclin analogue, given intravenously and by
inhalation, the latter of which requires 6 to 10 treatments per
day. A recent multicenter, placebo-controlled three-month
trial involving patients with PAH and inoperable chronic
thromboembolic disease demonstrated improvement in a
combined endpoint with inhaled iloprost. Although the
treatment was effective in some patients, the frequency of
the treatments makes this therapy difficult to use. Finally,
treprostinil, a subcutaneously delivered analogue, has been
studied in the largest randomized, placebo-controlled study
in PAH. Modest improvement was found in six-minute walk
distance with treprostinil. Local pain at the infusion site,
related to binding of the prostacyclin analogue to pain
receptors, limited the dose escalation in most patients in the
study and has been an impediment to widespread use of
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treprostinil; however, those able to increase to greater doses
experienced greater clinical improvement.

The mechanism of action of prostacyclin and its ana-
logues remains uncertain. As noted previously, most patients
continue to exhibit significant pulmonary hypertension
despite treatment, indicating that vasodilation is unlikely to
play a major role. Much of the benefit from epoprostenol
may result from inotropic effects leading to improved right
ventricular contractility. Increases in c-AMP, while impor-
tant during acute use of epoprostenol, are unlikely to be
sustained during long-term use. In cell culture studies of
both proximal and distal pulmonary artery, smooth muscle
growth was inhibited by avariety of prostacyclin analogues,
which correlated with increases in c-:AMP. However, levels
peaked by 30 minutes and declined by 4 hours. We have
measured c-AMP levelsin plasmain patients receiving ther-
apy with epoprostenol and found no increase compared to
baseline values.

Provision of pharmacologic doses of prostacyclin has
effects on other mediator systems. Investigators have shown
that chronic infusion of epoprostenol decreases circulating
levels of endothelin-1, which may account for some of the
beneficial action of prostaglandins. Others have shown im-
provement in platelet aggregation and markers of endothe-
lia injury, such as circulating levels of von Willebrand
factor with long-term epoprostenol treatment. Interestingly,
in preliminary studies, despite epoprostenol’s potent effects
on platel et aggregation, the drug does not appear to decrease
excretion of thromboxane metabolites in patients with PPH.
This suggests that much of the increase in thromboxane gen-
eration in patients with PPH may derive from cells other
than platelets. More recently, epoprostenol has been
reported to decrease markers of oxidative damage in lung
tissue samples from patients with PPH.

Use of thromboxane receptor antagonists or synthase
inhibitors have been unsuccessful, perhaps because TxA, is
not a pivotal mediator in the maintenance of the microvas-
cular remodeling in PAH. Inhibition of thromboxane syn-
thase with an oral agent was initially studied in the late
1980s and showed very modest improvement in resting
hemodynamics. More recently, use of a combined throm-
boxane synthase inhibitor/receptor antagonist, terbogrel,
was evaluated in a randomized, placebo-controlled study.
Unfortunately, the study was stopped prematurely because
of an unexpected adverse event, severe leg pain, that devel-
oped in approximately 25 percent of patients. In addition,
there was no clinical or hemodynamic improvement in
patients who completed the study, although TxA, metabolite
levels in serum (reflecting platelet capacity) and in urine
(reflecting total body thromboxane production) decreased
significantly with drug treatment. Furthermore, urinary
prostacyclin metabolites increased, supporting the concept
of endoperoxide shunt from platelet to endothelium at the
vascular interface. Inhibition of PGD, or modulation of
leukotriene synthesis (or receptor blockade) or treatment
with antioxidants (e.g., vitamins C and E) has not been stud-
ied in PAH.

A combination of empiric clinical trials of modulation of
prostaglandin balance, translational research in patients with
pulmonary vascular disease, and ongoing basic investi-
gations of endothelial and smooth muscle biology have
yielded clinically useful results over the last decade.
Epoprostenol, and perhaps stable anal ogues of prostacyclin,
have a beneficial effect in patients with PAH, particularly
those with PPH. However, despite improvement in both
quality of life and survival with pharmacological doses of
prostacyclin, it is clear that the fundamental abnormalities of
growth and disordered angiogenesis are not substantially
altered by thistherapy. Future studies spanning the spectrum
from basic to clinic research are needed to determine more
precisely the role of eicosanoids in pulmonary vascular
disease.

Glossary

Cyclo-oxygenase: An enzyme protein complex present in most tissues
that catalyses two steps in prostaglandin biosynthesis and produces
prostaglandins and thromboxanes from arachidonic acid.

Eicosanoid: A class of oxygenated, endogenous, unsaturated 20-
carbon fatty acids derived from arachidonic acid after it is cleaved from
membrane phospholipids. They include prostaglandins, leukotrienes,
thromboxanes, and hydroxyeicosatetraenoic acid (HETE) compounds.
They exert their actions by binding to specific cellular receptors.

Epoprostenol: A prostaglandin that is biosynthesized enzymatically
from prostaglandin endoperoxides generated by the action of cyclo-
oxygenase in human vascular tissue. It is a vasodilator and a potent
inhibitor of platelet aggregation. The sodium salt has also been used as a
pharmaceutical (Flolan), to treat primary pulmonary hypertension.

Pulmonary arterial hypertension: A disorder primarily affecting the
small precapillary pulmonary arteries and occurring either as an idiopathic
illness [primary pulmonary hypertension (PPH)], or in association with
other disorders including congenital heart disease, connective tissue dis-
eases (especially scleroderma), liver disease, human immunodeficiency
virus infections, and use of appetite suppressants. Characteristic pathologi-
cial changes include smooth muscle medial hypertrophy, intimal prolifera-
tion, in situ thrombosis, and the development of plexiform lesions.
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Introduction

Platelet-derived growth factor (PDGF) is a family of
dimeric ligands that bind to and activate two cell surface
receptor tyrosine kinase subunits, PDGFRo. and PDGFR.
Four different ligand chains (PDGF-A, B, C and D) assem-
ble into five different dimeric combinations (AA, AB, BB,
CC and DD). Binding of bivalent ligands leads to receptor
subunit dimerization. The apposition of the receptor kinase
domains leads to reciprocal receptor subunit phosphoryla-
tion, further activating the tyrosine kinases and creating
docking sites for down-stream signal transducers.

One of the first biological functions demonstrated for
PDGF was its mitogenic activity on cultured vascular
smooth muscle cells (vSMC) [1]. The PDGF preparations
used for these early studier were derived from platelets and
consisted mainly of PDGF-AB heterodimers. Subsequently
it was demonstrated that vSMC carry both PDGFR and
PDGFRo. In vitro studies also demonstrated that cultured
vascular endothelial cells produce PDGF A and B. Thus,
early in vitro findings provided indications that PDGFs and
their receptors play arole in the vasculature. However, the
focus was placed on large vessels and the potential function
of PDGF as a “wound healing” hormone for the vascular
wall and surrounding connective tissue. For example, PDGF
was suggested to be of central importance in the “response
to injury” model of atherosclerosis championed by Russell
Ross and co-workers.

Subsequent in vitro studies argued for PDGF signaling to
have arole aso in the microvasculature. In co-culture stud-
ies, endothelial cells promoted pericyte migration—a func-
tion that was attributed to PDGF. Moreover, pericyte contact

with the endothelial cellsinhibited proliferation of the latter,
and TGFp was implicated in this function [2, 3].

Roles of PDGFsin the Microvasculature Revealed by
Genetic Studies

Lessons from PDGF-B and PDGFR Knockouts

PDGF-B and PDGFR null mice both die at late gesta-
tion from microcircul atory deficiency involving generalized
microvascular hemorrhage and edema [4, 5]. Closer analy-
sis revealed that these mice fail to recruit pericytes to their
microvasculature in many but not all organs [6, 7]. The
acute cause of death of the PDGF-B and PDGFR} null mice
islikely circulatory failure. Live born mutants die from res-
piratory distress within minutes to hours after birth.

CNS PeRICYTES

The centra nervous system (CNS) microvasculature has
a remarkably high density of pericytes in comparison with
most other capillary beds. The CNSis also one of the organs
most strongly affected by genetic PDGF-B or PDGFRj
deficiency. CNS vessels develop by angiogenic sprouting
from the perineural vascular plexus. In this process, the
invading endothelial cells express PDGF-B and the peri-
cytes PDGFR. In the absence of either ligand or receptor,
pericyte co-recruitment largely fails, resulting in <5% of the
normal number of brain pericytes. In spite of this cellular
deficiency, the endothelial sprouting process proceeds rela-
tively normally, establishing an intracerebral circulation that
allows prenatal CNS growth and differentiation. At early

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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stages (E10-14), only mild abnormalities in vessel patterns
are observed in associated with a 2-fold increase in endothe-
lial cell number [8]. However, at late gestation, the
microvasculature displays more advanced morphological
aberrations. Foca dilations and microaneurysms rapidly
expand and rupture, leading to multiple sites of hemorrhage
and edema. At the cellular level, this correlates with
endothelial hyperplasia and abnormal differentiation.
Notably, the endothelial luminal membrane surface is over-
sized and multiple cytoplasmic folds protrude into the vas-
cular lumen. There are also abnormalities in the endothelia
adherence junctions and multiple signs of increased vascu-
lar permeability. These observations suggest that PDGF-B
signaling through PDGFRJ is critical for pericyte recruit-
ment to the CNS microvasculature. Moreover, they show
that pericytes, in turn, deliver important signals within the
microvessel wall that regulate endothelial proliferation and
differentiation. At the level of integrated functions, pericytes
thereby support microvascular integrity and homeostasis. At
agross anatomical level, pericytes appear to exert control of
the capillary diameter.

MEesaNGIAL CELL RECRUITMENT

Mesangial cells are pericyte-like cells of the kidney
glomerulus. PDGF-B and PDGFRp null embryos both fail
to recruit pericytes into the developing glomerulus [4, 5, 9].
Asaresult, the single capillary loop that invades the nascent
glomerular epithelial cleft fails to develop into a complex
tuft of vessels. Instead, it dilates into an aneurysm-like
structure filling out the glomerular space. During glomeru-
lus development, PDGF-B is expressed in the invading
endothelium, whereas the mesangial cells express PDGFRp.
A paracrine PDGF-B signal from the endothelium thus pro-
motes mesangial cell co-recruitment into the glomerulus,
and the mesangial cellsin turn deliver signals that promote
glomerular capillary branching and splitting (intussuscep-
tion). The role of the mesangial cells thus differ somewhat
from the brain pericytes, since the overall vessel branching
pattern in the brain does not seem to be influenced by the
pericytes. However, there are also similarities in that the
pericyte/mesangia cell absence in both organs leads to loss
of capillary diameter control.

PLACENTA PERICYTES

Placenta pericytes, like glomerular mesangial cells,
appear to function in intussusceptive vessel splitting, lead-
ing to the formation of complex high-density vascular tufts.
Possibly, such specialized pericytes are of particular impor-
tance where high vascular densities are needed to fulfill sys-
temic functions (filtration, excretion, absorption etc). Both
the kidney and the placenta exert such functions, and the
vessels densities are therefore tailored to serve demands of
the whole organism, rather than local needs. PDGF-B and
PDGFR null mice show about 50% reduction in the num-
ber of placenta pericytes, and an associated impairment of
the formation of fetal vessel tuftsin the labyrinthine layer of
the placenta (where fetal and maternal vessels meet) [10].

OTHER LOCATIONS

Other organs that show a marked (>50%) pericyte defi-
ciency in PDGF-B or PDGFRp null embryos include skin,
heart and lung. Interestingly, the major population of liver
pericytes, the perisinusoidal cells (Ito cells), is unaffected by
PDGF-B or PDGFRP deficiency, and therefore has to
develop through other mechanisms. Ito cells aso do not
express appreciable levels of PDGFRB (MRNA), at least
prenatally, and the sinuisoidal endothelium does not
detectably express PDGF-B. Also the axial arteries consti-
tute a site at which the number of vSMC/pericytes appears
to be unaffected by PDGF-B or PDGFRp deficiency. The
origin of these vSMC is believed to be the immature mes-
enchyme surrounding these vessels. Upon an inductive cue,
presumably presented by the endothelial cells, the mes-
enchymal cells condensate around the vessel and turn on a
SMC differentiation program. This circumferential recruit-
ment of vSMC/pericytes is thus independent of PDGF-
B/Rp, whereas the subsequent longitudinal recruitment to
new vessels formed by angiogenic sprouting requires
paracrine endothelial-to-pericyte signaling using PDGF-B
and PDGFRp. Although dispensable for the vSMC induc-
tion around the axial arteries, PDGFR is required for the
postnatal maintenance and/or expansion of this vSMC pop-
ulation, as shown by chimeric analysis [11].

Lessons from Conditional PDGF-B Knockouts

Using Cre-lox techniques, vascular endothelium- and
neuronal -specific PDGF-B knockouts have been generated
[12, 13]. The latter did not revea observable defects in the
brain microvasculature in spite of neurons being a major
source of PDGF-B in the CNS. However, the endothelium-
specific knockout resulted in pericyte deficiency, confirming
the endothelium asthe critical source of PDGF-B in pericyte
recruitment [12, 14].

EVIDENCE FOR THE LOCAL IMPORTANCE OF PERICYTES

The endothelial PDGF-B gene deletion was not com-
plete. Instead, it resulted in a chimeric situation where wild-
type vessel segments alternated with PDGF-B deficient
segments. In contrast to the PDGF-B null mutants, the
endothelium-specific knockouts survived into adulthood,
allowing analysis of postnatal angiogenesis. The chimeric
nature of the mutant made it possible to spatially correlate
pericyte deficiency with microvascular abnormality. This
was important, as the role of systemic influences (e.g. heart
and placenta defects) on microvessels formation could not
be ruled out in the studies of the null mutants. It could there-
fore be concluded that pericytes control the function of
neighboring endothelial cells. Possibly this control involves
paracrine growth factors, cell adhesion and junction mole-
cules, and pericyte-derived extracellular matrix molecules.

RETINAL ANGIOGENESIS
The survival of the endothelium-specific knockout made
it possible to analyze retinal angiogenesis, an early postnatal
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process. As in other parts of the CNS, pericyte recruitment
in the retina was shown to be dependent on endothelial
PDGF-B. Studies using neutralizing PDGFRP antibodies
confirmed this conclusion [15].

PERICYTES AND DIABETIC RETINOPATHY

The chimeric nature of the endothelial PDGF-B deletion
was inter-individually variable, allowing for analyses of the
retinal vascular abnormalities at different states of pericyte
density ranging from almost normal (=70% of normal) to
near compl ete deficiency (<10% of normal). Animals where
the average pericyte density in the CNS was lower than 50%
invariably developed proliferative lesions in the retinas that
were reminiscent of diabetic retinopathy. This result was
striking since diabetic retinopathy in both humans and ani-
mals has been associated with pericyte loss within the
microvessel wall. It is not known, however, whether the per-
icyte loss constitutes a causal event in the pathogenesis
of the retinopathy, or whether it is just correlative with
the process. The results from the endothelium-specific
PDGF-B knockouts show that independently of a diabetic
challenge, pericyte deficiency may cause progressive vascu-
lar changes that mimic diabetic retinopathy. The data may
also provide an explanation as to why diabetic rodents only
develop mild signs of retinopathy and never proliferative
disease; pericytelossin these modelsis usually substantially
lower that 50%.

Lessons from PDGF-B Retention Motif Knockouts

PDGF-B carries a basic stretch of amino acids in its C-
terminus referred to asthe “retention motif ”. A similar motif
isfound in PDGF-A and in different members of the VEGF
family, whereit isincluded or excluded by alternative splic-
ing. In PDGF-B the retention motif may reman or be
deleted from the precursor depending on proteolytic pro-
cessing. The basic motifs of the PDGF-B/VEGF family
have affinity for heparin and heparan sulphate proteoglycans
(HSPGs) and probably serve the same function as analogous
motifs in other growth factor families, namely to help gen-
erating gradients or depots of factor in the extracellular
space. This may ensure graded signaling, or sequestering of
the factor in the ECM for release or redistribution by prote-
olytic cleavage in situations of inflammation.

PDGF-B RETENTION 1S REQUIRED FOR PROPER INTEGRATION
OF PERICYTES IN THE VESSEL WALL

Deletion of the retention motif in PDGF-B resulted in
viable mice (PDGF-B ret/ret mice), however, with severe
retinopathy [16]. Other signs of microvascular dysfunction
were evident as well, including brain microaneurysms and
breakage of the blood brain barrier, as well as glomerular
defects and proteinuria. All these problems appear to relate
to abnormal pericyte and mesangial cell recruitment.
Although there was a significant reduction in the number of
pericytesin these mice, the degree of reduction did not seem
to explain the severity of the phenotype; endothelium-

specific knockouts with a similar decrease in pericyte num-
bers had much milder retinal and glomerular pathology. The
severity of the PDGF-B ret/ret mutants was instead pro-
posed to result from abnormal pericyte integration within
the microvessel wall. Notably, pericytes are normally very
tightly associated with the abluminal endothelial cell sur-
face. In PDGF-B ret/ret mutants, pericytes were instead par-
tially or fully detached from the endothelial cells. Likely this
abrogates the normal communication between the pericytes
and the endothelium, leading to a state that resembles the
absence of pericytes. In the eye, the dissociated pericytes
also form sheets of fibroblast-like cells at the retinal surface,
which may contribute to contraction and detachment of the
retina.

PDGF-B AND THE RECRUITMENT OF TUMOR PERICYTES

There are several possible explanations for the detach-
ment of pericytes from the microvessels in PDGF-B ret/ret
mice. One possibility isthat a graded presentation of PDGF-
B is required from the endothelium in order to guide peri-
cyte migration along the abluminal endothelial surface. If
the pericyte fails to recognize that the source of PDGF-B is
endothelial, they may migrate more randomly, leading even-
tually to their detachment from the endothelial surface.
Another possibility is that a directional presentation of
PDGF (i.e. from the endothelium) is needed to polarize the
pericyte, forcing unequal distribution of cell and matrix
adhesions molecules, or deposition of matrix itself. Such
polarization may promote adherence of the pericyte to the
endothelium and/or ensure that the pericyte is properly
embedded within the microvascular basement membrane.
These possibilities, which are not mutually exclusive, are
attractive also considering the uneven expression of PDGF-
B in the vascular endothelium. The recent finding that the
expression is concentrated to specialized endothelial cells
situated at the sprout tip (endothelial tip-cells) [17] suggests
that the location of the PDGF-B source is critical.

Studies of pericyte recruitment to tumor vessels have
provided additional strong support for the idea that direc-
tional presentation of PDGF-B isimportant in the process of
pericyte recruitment. In tumors transplanted on PDGF-B
ret/ret mice, few pericytes were recruited, and they were
partially or fully detached from the endothelium [18]. How-
ever, when PDGF levels were compensated by secretion
from the tumor cells rather than the endothelium, the num-
ber of pericytesin the tumor vessels increased significantly,
but the integration of the pericytes in the vascular wall
failed. Since the tumors produced the wildtype form of
PDGF-B (including the retention motif) it could aso be
excluded that the integration defect depended on a putative
change in the signaling properties of the mutant PDGF-B.
Instead, the most plausible explanation is that the PDGF-B
protein has to be presented directionally from the endo-
thelium, and that the retention motif helps associating
the secreted PDGF-B protein to the endothelial surface
or within the periendothelial matrix to facilitate such
presentation.
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Lessons from PDGFR Signaling Mutants

Using homologous recombination in ES-cells, Soriano
and collaborators have generated an extensive allelic series
of endogenous signaling mutations in PDGFRf. Mice car-
rying these mutations show a different range of cardiovas-
cular defects. Taken together, these analyses confirm the
importance of PDGFRf signaing in vSMC and pericyte
recruitment and in the development of a functional cardio-
vascular and renal excretory system. However, the analyses
also came up with several surprises concerning the relative
importance of the different signaling pathways downstream
of PDGFR.

PDGFRp SIGNALING AND CELL FUNCTION IN VITRO
PDGFRp has been the subject of intense biochemica
analysis. It is extensively autophosphorylated upon ligand
binding, leading to the formation of up to thirteen phospho-
tyrosine residues that engage in coupling to at least ten
different SH2-domain containing proteins. These mole-
cules include Src family kinases, PI3 kinase (PI3K), Shc,
RasGAPR, STATs, Grb2, Grb7, SHP-2, PLCy, and Nck. Their
engagement leads to the initiation of several different cellu-
lar functions in cultured mesenchymal cells, including pro-
liferation, migration, and extracellular matrix synthesis. In
vitro, a certain degree of specificity has been noticed
between the signaling pathway engaged and the cellular
response. For example, PI3K signaling has been strongly
linked to cytoskeletal rearrangements and cell migration.
Since analysis of the PDGF-B and PDGFRf null mutants
suggests arole for these proteins in pericyte migration and
proliferation, it was hoped that the distinct signaling muta-
tions in the endogenous PDGFRP gene would separate
between the putative multiple roles of PDGFRp signaling in
pericyte/vSMC recruitment. However, as discussed in more
detail below, it appears that the various signaling pathways
engaged downstream of PDGFRp exert additive rather than
distinctive effects in microvascular development.

PDGFRp UNABLE TO SIGNAL THROUGH PI3K AnD PLCy
Surprisingly, mice homozygous for a mutation that
encodes a PDGFRP protein lacking the two PI3K-binding
phosphotyrosine residues displayed no overt phenotype
[19]. When challenged, however, they display areductionin
the capacity to resolve an experimentaly induced tissue
edema. Thus, PDGFRp signaling may be implicated in the
control of tissue interstitial fluid pressure (IFP). Increased
IFP is a general feature of solid tumors and PDGF-B or
PDGFR inhibiting compounds seem to be able to reduce
tumor IFP, which in turn facilitates the delivery of sub-
stances, including cytostatic drugs, to the tumor [20]. The
mechanism by which PDGFRp regulates |FP is not clear,
however it is plausible to assume that it involves pericyte
or fibroblasts mediated contraction of the ECM. Hence,
PDGFRp-mediated PI3K signaling may have its mgjor role
in cell contraction in the adult tissues, rather than in cell
migration in embryonic development. Recent analysis using

embryonic CNS pericyte density as readout also demon-
strates that PDGFRpB-mediated PI3K signaling takes part in
determining the rate of expansion of the pericyte population
[21, 22]. Hence PI3K signaling may aso be involved in the
control of pericyte progenitor proliferation in vivo.

Mice carrying mutant PDGFR unable to signal through
both PI3K and PLCy are likewise without an overtly abnor-
mal phenotype [23]. However, when challenged with an
experimental injury to the glomerulus, they display exag-
gerated pathology. Although it is unclear how the change in
pathogenesis relates to defective PDGFRB signaling, it
likely involves recruitment or function of mesangial cells,
since these are the only cells in the developing glomerulus
known to express PDGFRp. Since the overall growth rate of
the pericyte population is decreased in the combined PI3K/
PL Cy mutants, one might speculate that the proliferation of
the mesangial cellsis likewise negatively affected, and that
this may slow down repair of the injured glomerulus and, in
turn, enhance a pathological response.

PDGFRpB WITH MULTIPLE PATHWAYS DEFECTS

Additional mutations removing 5 and 7 phosphotyrosine
residues, respectively, in PDGFRp led to overt vascular
defects in several organs, in particular when combined with
a PDGFRB null alele to reduce the level of PDGFRp
expression [21, 22]. These phenotypic abnormalities coin-
cided with a substantial (>50%) reduction in pericyte num-
bers. The PDGFR( alelic series generated by Soriano and
co-workers hence provides a series of mutant animals with
aprogressive decrease in the pericyte density. This decrease
is even further aggravated in animals where the mutant alle-
les occur in combination with the PDGFRP null alele.

A mutant has also been created in which the intracellular
domain of PDGFRP was replaced with that of PDGFRa
[24]. While homozygous carriers of this mutation lack overt
phenotype, mice carrying one hybrid receptor and one null
alele, showed spontaneous pathology similar to that
observed in the mutant lacking 7 phosphotyrosines. This
demonstrates that PDGFRo. signaling can only partialy
compensate for PDGFRb signaling in vSMC/pericytes, in
agreement with biochemical analysis.

Pericyte Density and Its Relationship to Organ
Pathology—Concluding Remarks

Analogous Phenotypic Consequences of PDGF-B and
PDGFRJ Mutagenesis

Severa interesting conclusions may be drawn from com-
paring the various mouse lines that have been generated by
mutagenesis at the PDGF-B or PDGFR} loci. Not surpris-
ingly, perhaps, the range of phenotypes that is seen in the
two mutant series is similar. Both the ligand and receptor
series display a gradual reduction in pericyte density, and a
phenotypic outcome ranging from normal (no phenotype in
the unchallenged state) to overt pathology in the eye, heart
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and kidney, with the eye displaying the most profound
pathology. Interestingly, the relationship between overall
degree of pericyte reduction and the resulting pathology was
also similar. Both series produced mutants with pericyte
reduction ranging from <50 to >90%, and overt phenotypic
changes in the eye appear in mutants with more than 50%
reduction in the pericyte density. Thus, substantial pericyte
reduction appearsto be tolerated in organ devel opment, with
most organs (in which pericytes depend on PDGF-B/
PDGFRp signaling) tolerating 50% reduction or more. The
exception is the eye, which has the highest known normal
pericyte density, suggestive of a critical and perhaps unique
function for these cells. Intriguingly, development of many
organs, including the brain, can be completed relatively nor-
mally, even when there is up to 90% reduction in pericyte
density. However, these mice have many signs of brain
microvessel dysfunction and pathological responses in the
astroglia. When mice with 50% reduction or less are
exposed to a pathological challenge, such as glomeru-
lonephritis or diabetes, there is an exaggerated pathological
microvascular response, however.

Not only pericyte numbers, but also their association
with the endothelium seems to matter, as illustrated by the
PDGF-B retention deficient mice. Probably, a graded, or
directional, presentation of PDGF-B by the endothelial cells
is required to ensure that the pericytes become correctly
associated with the endothelial cells and their basement
membrane. Thus the extracellular compartmentalization of
PDGF-B seems to be as important for pericyte recruitment
as the formation of gradients or depots of VEGF-A in the
guidance of endothelial sprouts[17, 25].

Do the Other PDGF/Receptors Play a Role
in the Microvasculature?

No other PDGF/PDGFR member is as strongly impli-
cated in microvascular assembly or function as PDGF-B and
PDGFRp. PDGFRa. knockouts display defects in the car-
diac outflow tract [26, 27] that may relate to a primary
defect in the neura crest. Likewise, other neural crest-
derived populations of vSMC and pericytes may be affected
in the PDGFRo. knockouts, particularly in the rostral part of
the embryo. Again the critical signaling events involving
PDGFRa likely take place before the crest-derived vSMC/
pericyte populations are specified. An additional location
where PDGFRa. signaling might determine the fate of apro-
genitor of the vSM C/pericyte population isthe kidney. Here,
PDGFRo null mutants become progressively depleted of
interstitial mesenchymal cells. However, these mutants also
partialy lack mesangial cells in the kidney glomeruli in
spite of the fact that PDGFRp is the dominant receptor in
these cells. Thus, it is possible that the mesangial progeni-
tors are in part (or fully) recruited from the PDGFRo posi-
tive interstitial mesenchyme [28].

While PDGF-A and -C signaling through PDGFRo. may
have indirect effects on microvascular development, the
function of PDGF-D remainselusive. The strong similarities

between PDGF-B and PDGFRJ null mutants may suggest
that PDGF-D has no or little effect during development.
However, it is possible that PDGF-D serves mainly post-
natal functions, and that some of these functions may
involve the microvasculature. Detailed expression analysis
and genetic ablation of PDGF-D in mice will help answer-
ing these questions.

Glossary

PDGF: Platelet-derived growth factor. A family of five dimeric ligands
(AA, BB, CC, DD and AB) composed of four constituent chains (A, B, C,
D) encoded by different genes. PDGF was originally found in platelets and
assumed to exert a wound healing function, but is currently know to be
expressed by a multitude of cell types and exert numerous important roles,
particularly during organogenesis.

PDGFR: Platelet-derived growth factor receptor. A family of two
transmembrane receptors (o. and B). They are structurally related receptor
tyrosine kinases with 5 extracellular g domains and a split intracellular
kinase domain. The PDGFRs dimerize upon ligand binding, autophospho-
rylated, and thereby engage several classical signaling pathways, including

Pericyte: A mural cells of the vessel wall that shares basal laminawith
the endothelium. Pericytes are vascular smooth muscle lineage cells that
express severa of the markers of smooth muscle.
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CHAPTER 15

Basic Concepts of Intussusceptive
Angiogenes's
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Sprouting and I ntussusceptive
Angiogenesis

Angiogenesis is a fundamental process of microvascular
growth and expansion implicated in different physiological
and pathological processes. It can occur by two main mech-
anisms: sprouting and intussusception. Although both mech-
anisms lead to creation of new vascular segments, they
involve different morphogenic mechanisms and probably
are regulated by different factors.

Sprouting angiogenesis is characterized by local vasodi-
lation, followed by increased vascular permeability. After
proteolytic degradation of the basement membrane, the
endothelia cells migrate into the extracellular matrix and
proliferate. After internal reorganization, the sprouts form a
vascular lumen and get connected to other capillary seg-
ments. Sprouting is a relatively sluggish process. At least
three to five days are needed before the newly formed cap-
illary loop is perfused and integrated into the vascular
system.

In intussusceptive angiogenesis, the capillary system
expands and grows by the insertion of new capillary meshes
into the existing network.

The Basic Concept of | ntussusception

Nonsprouting angiogenesis by intussusception was first
described in the capillary bed of neonatal rat lungs by
Caduff and coworkers [1]. Analyzing scanning electron
micrographs of lung vascular corrosion casts, the authors
detected a multitude of tiny holes with diametersup to 2um.
Seria sectioning of lung tissue followed by transmission
electron microscopy reveal ed these structures to correspond
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to tranduminal tissue pillars [1, 2]. Four consecutive steps
for pillar formation have been postul ated:

e Phase I: Simultaneous protrusions of opposite capillary
walls into the vessel lumen lead to the creation of an
interendothelial contact zone across the capillary lumen.

» Phase |I: Reorganization of the interendothelia cell junc-
tions followed by central perforation of the sandwich-like
structure composed of two basal membranes and two
endothelial leaflets.

e Phaselll: Formation of theinterstitial pillar core by inva-
sion of cell processes of pericytes and myofibroblasts;
appearance of collagen fibrils. During these first three
phases, the transumina pillars are till very slender,
mostly with diameters less than 2.5um.

* Phase IV: The pillars increase in girth by further deposi-
tion of material and cells, but without changes in their
basic structure.

The concept of intussusception is schematicaly repre-
sented in Figure 1.

In the meantime, it could be demonstrated that transcap-
illary tissue pillars could be produced by several adternative
mechanisms to the one described above. For details, the
reader is referred to a recent review [3].

To describe the new angiogenic process, the authors
coined the term intussusception to convey the meaning that
creation of new capillary segments occurs by insertion of
transcapillary pillars (i.e., by growth “within itself”). They
postulated that the microvasculature of the developing lung
was predominantly growing by intussusception, a phenom-
enon that had not been described hitherto and termed it
intussusceptive microvascular growth (IMG) [1, 2].

The complex spatial structure of transluminal pillars,
their small size, and the need of three-dimensional analysis

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 Three-dimensiona (a—d) and two-dimensional (a’~d’) draw-
ings illustrating intussusceptive pillar formation. The process begins with
the protrusion of opposite capillary wallsinto the vessel lumen (a, b, &, b’).
After establishing an interendothelial contact (c, ¢’), the endothelial bilayer
and the basement membranes (BM) are perforated centrally. The newly
formed pillar increases in girth after being invaded by pericytes (Pr)
and fibroblasts (Fb), which produce collagen fibrils (Co) (d, d’). Corre-
sponding three-dimensional visualization of trandumina pillars in
capillary plexus of chicken CAM. In corrosion casts of blood vessels,
newly formed transcapillary pillars appear as small holes (asterisks) (e);
three-dimensional reconstruction of a pillar based on transmission electron
microscopic analysis of seria sections (f). An erythrocyte (Er) is seen
behind the pillar. Bars: eand f = 5um. (a—d"). Reproduced from Kurz et al.
2003 [8] and (e, f) from Djonov et al. 2000 [4] with the authors’ and pub-
lisher’s permission. (see color insert)

for their visualization may explain why intussusception was
overlooked in the past. The only reliable methods to recog-
nize transluminal pillars safely are vascular corrosion cast-
ing visualized by scanning electron microscopy, serial
sectioning for light or transmission electron microscopy fol-
lowed by three-dimensional reconstruction (Figure 1) or,
aternatively, confocal laser microscopy [4—7]. Other meth-
ods, such as nuclear magnetic resonance, microcomputer
tomography, angiography, and ultrasonics even adapted for
small objects do not have the resolution (below 1pm)
needed for visualizing pillars.

Hallmarks of Intussusception

Intussusception is a widespread phenomenon that occurs
in the vascular systems of all species and organs investi-
gated so far. Some essential characteristics, which distin-
guish it from sprouting, are discussed in the following
sections.

I ntussusception Can Occur Only in
a Perfused Vascular Bed

All commonly used in vitro and in vivo experimental
tools, such as three-dimensional collagen gels, corneal
implants, tumor implantation, wound healing, and embry-
onic grafting, will originally induce capillary sprouting dur-
ing early tissue neovascularization. Intussusception would
not be expected to occur initialy in these models because
(1) the facts that the tissue has first to be “colonized” by
endothelial cells and (2) the absence of blood flow. Our own
investigations indicated that hemodynamic factors are
essential players in regulatory mechanisms of intussuscep-
tion [7]. This could be an additiona reason why intussus-
ception has not been recognized until recently.

Blood Vessel Segments Are Generated More Rapidly
by Intussusception than by Sprouting

As mentioned previoudly, sprouting is a relatively slug-
gish process, requiring a few days for initiation, implemen-
tation, and finally integration of the newly formed segments
into the vascular system. Using improved in vivo monitoring
combined with histological and ultrastructural analyses of
serial tissue sections, pillar formation has been demonstrated
to require a period of four to five hours for completion.
Under conditions of artificially accelerated blood flow, this
period was reduced to one hour only [4, 5, 7]. This swiftness
could explain how the capillary network of the eye choroid
or of the chorio-alantoic membrane (CAM) of the chicken
could increase 25 and 100 times, respectively, in disk surface
just within a few days. The augmentation of the vascular
exchange surface area and vascular volume was much higher
even. Similarly, in the lung vasculature during the early post-
natal period, the capillary volume and surface area increase
thirty-fivefold and twentyfold, respectively [4, 5, 7-9].

Intussusceptive Microvascular Growth Is Achieved
with a Low Rate of Endothelial Proliferation

Our own morphometric investigations on the lung and
CAM, as well as data from the literature, indicate that the
intussusceptive process is associated with low endothelial
proliferation. This means that capillary beds growing by
intussuception achieve their rapid expansion by redistribut-
ing the preexisting total endothelial cell volume by thinning
and spreading of the cytoplasmic leaflets. This was con-
firmed by our comparative studies of different organs before
and after the onset of intussusception, as well as by reports
in the literature [3-5, 8, 9].

Capillaries Formed by Intussusception
Are Less Leaky

Intussusception is characterized by physiological levels
of vascular transpermeability. This is an essential condi-
tion for uncompromised tissue and organ function. This
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important benefit could be the reason why after the forma-
tion of the primary capillary plexus by vasculogenesis or
sprouting, additional vascular growth and remodeling
during both embryonic development and postnatal life
occurs by intussusception. The low transpermeability could
furthermore be an essential factor for the resistance to
chemotherapy treatment in tumors growing predominantly
by intussusception [6].

Intussusception Is Energetically and Metabolically
More Cost Effective

In contrast to sprouting, massive cell proliferation, exten-
sive basement membrane degradation, and invasion of the
surrounding tissue is not required in intussusception. Intus-
susception represents a phenomenally simple angiogenic
mechanism possessing a high morphogenic potential and
plasticity, and which is simultaneously energeticaly and
metabolically more economical. This would explain why
intussusceptive microvascular growth is triggered immedi-
ately after the formation of the primitive capillary plexus by
vasculogenesis or sprouting.

Three Facets of I ntussusceptive
Angiogenesis

The term intussusceptive angiogenesis circumscribes a
host of processes that are involved in generation, growth,
and final remodeling of vascular entities with diverse mor-
phological and functional outcomes. Although chronologi-
cally sequential, the processes overlap both in space and
time, affecting different components of the vascular bed.

Intussusceptive Microvascular Growth:
Expansion of Capillary Plexuses

Intussusceptive microvascular growth (IMG) represents
a widespread phenomenon, by which capillary plexuses
expand by simultaneous scattered pillar formation and suc-
cessive pillar enlargement. By these means, new micro-
vascular segments arise without dramatic changes in the
dimensions and functional characteristics of their compo-
nents (Figure 2). IMG favors the rapid expansion of the
primitive capillary plexuses, thus providing a large surface
area for the exchange of oxygen, carbon dioxide, and nutri-
ents. As mentioned previously, IMG was first observed in
the growing postnatal lung [1] and then in the microvascu-
lature of many other tissues and organs, both in normal and
pathological microvascular growth, such as retina, kidney,
CAM, liver, intestines, stomach, excretory glands, spleen,
skeletal muscle, heart, brain, in a model of tissue repair,
during the cyclic vascular changes in the endometrium, in
cerebral vascularization after stroke, and during tumor
angiogenesis. Intussusception is a widespread, practically
ubiquitous phenomenon that occurs in the vascular systems

b

Figure 2 Drawing representing the process of intussusceptive
microvascular growth (IMG). The capillary plexus expands from its initial
stage in (a) to status (b) by insertion of new pillars (arrows) and by
enlargement of already existing ones (arrowheads).

of al species thus far investigated, including rat, mice, rab-
bit, chick, fish, and human. Actually, in many older reports
dealing with different angiogenic aspects, it is possible to
recognize the well-documented signs of intussusception;
they were, however, not recognized as a mechanism of
angiogenesis. It is now evident that IMG represents a gen-
era and ubiquitous mechanism of capillary growth, by
which the capillary beds of organs, which arise initially by
sprouting and/or vasculogenesis, can undergo rapid expan-
sion without any compromise in vascular physiology or
function thanks to low vascular permeability and a low rate
of endothelial cell proliferation [3, 6, 8, 9].

Intussusceptive Arborization: Formation of a Feeding
Vascular Tree

Intussusceptive arborization (IAR) represents a mecha-
nism whereby preferentially perfused segments of a capil-
lary plexus can be transformed into terminal arterioles or
collecting venules, patterning in this way a hierarchic vas-
cular tree. IAR isinitiated by the formation in the capillary
bed of double rows of lined-up “vertical” tissue pillars,
which demarcate future feeding vessels. These pillars
undergo reshaping into narrow tissue septa that progres-
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sively fuse to delineate anew vascular entity. The remaining
connecting bridges are “ severed” by the formation of “hori-
zontal” folds, the feeding vessels being thereby definitively
separated from the capillary plexus. As a result of this
process, a complex arterial and venous vascular tree arises
to form a second layer of draining and feeding vessels
(Figure 3).

IAR provides the vasculature with an important angio-
adaptive mechanism. Any capillary plexus expansion is
associated with an increase in the mean capillary path length
between arteries and veins, with deleterious consequences
for gas and nutrient exchange. The formation of new termi-
nal supplying and draining branchesis necessary, and thisis
achieved vialAR. The |AR process could be observed in all
investigated organs and systems, but for easy demonstration
itismostly shown in nearly two-dimensional capillary beds,
such as the chloroid of the eye and the chicken CAM. In
these models, the de novo segregated arterial and venous
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Figure 3 Drawing representing the process of intussusceptive arboriza-
tion (IAR). Within a capillary plexus, a series of “vertical” pillars arise
(arrowsin a), demarcating the pathway of future feeding vessels. These pil-
lars undergo reshaping and fusion to form narrow tissue septa (arrowsin b).
“Horizontal” pillars and folds are then formed (arrowheads in c), which
separate the feeding vessels from the capillary plexus (d). Adapted from
Djonov et al. 2000 [5], with the authors’ and publisher’s permission.

vascular trees form an easily detectable second layer atop
the capillary plexus [3-5, 8-9].

I ntussusceptive Branching Remodeling: Optimization
of Branching Geometry and Vascular Pruning

Intussusceptive branching remodeling (IBR) refersto the
process by which the branching geometry of supplying
vessels is modified, thereby optimizing the pre- and post-
capillary flow properties. IBR can also lead to the removal
of putative supernumerary branches (vascular pruning),
thereby optimizing the efficiency of the blood supply and
the hierarchy of the vascular tree. Implementation of IBRis
accomplished via transluminal pillars and folds, which are
inserted close to the bifurcation sites of arteries and veins of
up to 120um in diameter. These structures appear de novo
and are capable of rapidly changing the vascular geometry
and the hemodynamic properties at the affected branching
points.

The pillars located close to bifurcation points enlarge
(alternately elongate into flat longitudinal folds) until they
merge with connective tissue in the branching angle (Figure
4). Thus, IBR narrows the branching angle by relocating the
branching point more proximally. This may represent an
important adaptive response to the continually increasing
blood flow and blood pressure during embryogenesis and
growth. Second, IBR optimizes the hemodynamic condi-
tions at bifurcation sites by remodeling the diameter of one
or both branches (mainly by “pillar augmentation™). Conse-
quently, IBR yields a branching pattern that approximates
the ideal hemodynamic condition predicted by Murray’s
Law of minimal power consumption and constant shear
stress. Third, IBR isimplemented in the process of vascular
pruning by the successive asymmetric formation of pillars.
The subtotal lumen obstruction of one of the daughter
branches followed by reduction in blood flow probably con-
tributes to the regression, retraction, and ultimate atrophy of
the affected branch (Figure 4) [7-9].

From the mechanisms of IAR and IBR, detected more
recently, it appears that the intussusceptive angiogenic prin-
ciple represents an important morphogenetic machinery
affecting al components of vascular beds: as the expansion
of capillary beds (IMG), the segregation of small arteries
and veins (IAR), and finally the optimization of the branch-
ing geometry and vascular pruning by IBR.

Sprouting and I ntussusception: Two
Complementary Angiogenic M echanisms

Structural investigations have revealed that the vascula-
ture of different organs of chicks and rats, such as CAM,
lung, heart, endometrium, eye, kidney, and yolk sac, under-
goes two main phases of development. The early, sprout-
ing phase is characterized by the appearance of multiple
capillary sprouts, which are responsible together with
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Figure 4 Drawing representing intussusceptive branching remodeling
(IBR). Theinsertion of transluminal pillars at branching points is followed
by their merging with the connective tissue in the branching angle (arrows).
This process allows to adapt the depth of the branching angle and the diam-
eters of the two daughter vessels. Moreover, intussusceptive branching
remodeling leads to vascular pruning by repetitive eccentric formation,
thickening, and fusion of pillars (arrowheads). Adapted from Djonov et al.
2000 [5], with the authors’ and publisher’s permission.

vasculogenesis for tissue neovascularization, forming the
primary capillary plexuses. During the second, intussuscep-
tive phase, capillary sprouting is superseded by pillar for-
mation. Further vascular growth and remodeling occurs by
intussusception as aresult of advantages listed in the section
on hallmarks of intussusception.

Summary

Intussusceptive angiogenesis is a general and ubiquitous
formative process of the vasculature. The formation of tis-
sue pillars across the vascular lumen has three distinct con-
sequences depending on the pillar location. It resultsin rapid
expansion of the capillary networks (= IMG), it implements
vascular tree formation (= I1AR), and/or it leads to dynamic

adaptations and remodeling of the vascular bed (= IBR). It
plays a crucia role in embryonic blood vessel formation,
growth, tissue repair, and tumor angiogenesis.

Taking into consideration that numerous pro- and antian-
giogenic agents act in complex vascular beds formed mainly
by intussusception, it is evident that better understanding of
the intussusceptive angiogenesis, and especially its regula-
tory mechanisms, will open the way for development of
novel therapeutic strategies.
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Vascular Permeability
Factor/Vascular Endothélial
Growth Factor (VPF/VEGF,

VEGF-A

Harold F. Dvor ak

Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts

VEGF-A isthe founding member of the VPF/VEGF fam-
ily of proteinsthat aso includes VEGFs B, C, and D aswell
as placenta growth factor (PIGF) and arelated viral protein,
VEGF-E. VEGF-A, the subject of this chapter, has critical
roles in vasculogenesis and pathological and physiological
angiogenesis, acting through receptors (VEGFR-1, VEGFR-
2, and neuropilin) that are expressed on vascular endothe-
lium as well as on certain other cell types. The product of a
single gene, VEGF-A is alternatively spliced to form several
proteins of different lengths, properties, and functions. Orig-
inally discovered as a potent vascular permesabilizing factor
(VPF), VEGF-A is aso an endothelial cell motogen and
mitogen, profoundly alters the pattern of endothelial cell
gene expression, and protects endothelial cells from apopto-
sis and senescence. Recently, VEGF-A has been found to
have additional critical roles in hematopoiesis, in expansion
and differentiation of bone marrow endothelial cell precur-
sors, and in development and maintenance of the nervous
system. The functions of other VPF/VEGF family members
have been less well characterized. However, VEGFs C and
D are essentia for development of the lymphatic system,
VEGF-B has arole in the development of coronary arteries,
and PIGF has important roles in pathological angiogenesis.

VEGF-A Structure

VEGF-A isahighly conserved, disulfide-bonded dimeric
glycoprotein of Mr ~45kD. It shares low but significant
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sequence homology with platelet-derived growth factor
(PDGF) and, like PDGF, has cysteines that form integral
inter- and intra-chain bonds. Crystal structure reveals that
the two chains that comprise VEGF-A are arranged in
antiparallel fashion with binding sites at either end. Upon
reduction, VEGF-A separates into its individual chains and
loses all biological activity.

The human VEGF-A gene is located on the short arm
of chromosome 6 and is differentially spliced to yield pre-
dominant isoforms that encode polypeptides of 206, 189,
165, and 121 amino acids in human cells (corresponding
murine proteins are one amino acid shorter) (Figure 1).
Other splice variants (183, 165b, 145) have also been
described. The severa magor VEGF-A isoforms have dis-
tinct physical properties. VEGF-A1201 js acidic, freely sol-
uble, and does not bind heparin. By contrast, the 164/5 and
188/9 isoforms have increasing basic charge and bind
heparin with increasing affinity; in fact, VEGF-A165 was
originaly purified on the basis of its affinity for heparin.
Heparin, heparan sulfate, and heparinase al displace the
larger VEGF-A isoforms from proteoglycan binding sites
in tissues, proteases such as plasmin have a similar net
effect, cleaving the C-terminal portion of bound VEGF-A to
generate a biologically active peptide. In several situations
in vivo, liberation of bound VEGF-A from cells or cell
matrix is the necessary trigger that initiates angiogenic
activity. The different VEGF-A isoforms have largely iden-
tical biological activitiesin vitro, but thereisincreasing evi-
dence for distinctive functions in vivo; for example, mice

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure 1 VEGF-A Gene Structure. VEGF-A has eight exons, the first of which encodes a hydrophobic leader
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with permission from Cross et al. (2003), Trends in Biochemical Sciences 28, 488.] (see color insert)

expressing only the 120 or 188 isoforms devel op severe vas-
cular anomalies.

VEGF-A Receptors and
Signaling Pathways

VEGF-A mediates its effects primarily by interacting
with two high-affinity transmembrane tyrosine kinase recep-
tors: VEGFR-1 (FIt-1) and VEGFR-2 (KDR, Flk-1) (Figure
2). Cultured endothelial cells have approximately 3,000
copies of VEGFR-1, which binds VEGF-A1% with a K of
approximately 10pM; they have more numerous copies of
VEGFR-2, which binds VEGF-A165 with somewhat |ower
affinity (K4 of 75 to 125pM). A truncated soluble form of
VEGFR-1 (sFIt) that results from aternative splicing is
found in serum and retains VEGF-A binding activity. sFlt
has recently been implicated in pre-eclampsia, a serious
complication of pregnancy. A third, nonkinase receptor,
neuropilin (NRP-1) has been found; NRP-1 potentiates
VEGF-A1%45s pinding to VEGFR-2. Neuropilin had been
known as a receptor for the semaphorin/collapsin family of
neuronal guidance mediators, and it is also expressed widely
on nonendothelial cells. VEGF-A145 B, E, and PIGF bind
to NRP-1, but VEGF-A1291 does not (Figure 2); this inabil-
ity may explain some of the abnormalities in mice engi-
neered to express only the VEGF-A120 jsoform. Two other
members of the VPF/VEGF family (VEGF-B and both iso-
forms of PIGF) bind to VEGFR-1, whereas VEGFs C, D,
and E bind to VEGFR-2.

Mice null for any of the three VEGF-A receptors are
embryonic lethals. VEGFR-1 null mice die at day 8.5t0 9.0
as a result of vessel obstruction by an overgrowth of
endothelial cells. VEGFR-2 knockout mice die at a similar
stage of development because of failure of endothelial and

VEGF-A VEGF-A VEGF-C VEGF-A54S

VEGF-B VEGF-C VEGF-D VEGF-B

PIGF-1,2 VEGF-D VEGF-E
VEGF-E PIGF-2

VEGFR-1
(Fit-1)

VEGFR-2
(KDR/FIk-1)

VEGFR-3
(Fit-4)

NRP-1

Figure?2 Binding Specificities of the VPF/VEGF Ligand Family Mem-
bers and Their Receptors. VEGFR-1 and VEGFR-2 are expressed on vas-
cular endothelia cells as well as on some other cell types; VEGR-3 is
expressed on lymphatic endothelium in the adult but also on some tumor
vessels. NRP-1 is expressed on vascular endothelium, neurons, and some
tumor cells (seetext for further details). [Republished with permission from
H. Dvorak (2002), Journal of Clinical Oncology 20, 4368.] (see color
insert)

hematopoietic precursor cells. NRP-1 null mice also die
from a failure of vascular development.

VEGFR-1 and VEGFR-2 are widely expressed on nor-
mal vascular endothelium, and expression is upregulated in
tumor blood vessel endothelium and in that of other exam-
ples of pathological angiogenesisinduced by VEGF-A. The
mechanisms responsible for receptor overexpression are not
yet fully understood, but hypoxia, which stimulates VEGF-
A expression (see following discussion), may also upregu-
late VEGF receptor expression.

Recent reports indicate that VEGF-A receptors may also
be expressed on tumor cells, raising the possibility of an
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autocrine loop that might stimulate tumor cell growth and
migration. VEGFR-1 is additionally expressed on a popula
tion of hematopoietic stem cells and myeloid progenitors as
well as on monocytes/macrophages, spermatogenic and
Leydig cells, uterine smooth muscle cells, and osteoclasts.
VEGFR-1 has an important role in mediating hematopoietic
cell development and recruitment, particularly that of mono-
cytes, and mediates VEGF-A-induced monocyte (but not
endothelia cell) motility. As noted previously, VEGFR-1
null embryos die as aresult of an overgrowth of endothelial
cells, implying, along with data from cultured endothelial
cells, that this receptor exerts a negative regulatory effect on
the VEGF-A activities governed by VEGFR-2 signaling.
VEGFR-2 is expressed on bone marrow endothelial cell
progenitors, megakaryocytes, uterine smooth muscle cells,
and lymphatic endothelium.

Although binding to VEGF-A with high affinity,
VEGFR-1 induces only minimal stimulation of kinase activ-
ity in vascular endothelium; as a result, downstream signal-
ing pathways have had to be worked out in endothelial cells
that were engineered to overexpress this receptor. Much
more is known about the signaling pathways initiated
through VEGFR-2 (Figure 3). Upon binding to VEGFR-2,
VEGF-A initiates a cascade of events that begins with
receptor dimerization and autophosphorylation followed by
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phosphorylation of numerous downstream proteins. Very
recently, G proteins have been implicated in VEGF-A
signaling. Most of the biological activities mediated by
VEGF-A on endothelial cells (e.g., proliferation, migration,
vascular permeability, antiapoptosis) are mediated through
VEGFR-2 signaling. VEGFR-2 also has an important role in
the development of endothelial cell precursors present in the
bone marrow and circulating in blood.

Biological Activities

VEGF-A is essential for the development and organiza-
tion of the vascular system (vasculogenesis) and for both
physiological and pathological angiogenesis. Mice lacking
even one copy of the VEGF-A gene are embryonic lethals.
VEGF-A mediates its complex functions by exerting spe-
cific biological activities.

Increased Microvascular Permeability

VEGF-A was originally discovered in the late 1970s
because of its ability to increase the permeability of
microvessels (primarily postcapillary venules) to circulating
plasma and plasma proteins. It is responsible for the nearly
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Figure 3 Schematic Diagram of VEGFR-2 Signaling. Ligand binding to the extracellular domain induces dimerization, autophosphorylation of specific
intracellular tyrosine residues, and a series of downstream phosphorylations and other events that |ead to endothelial cell survival, migration, proliferation,
and increased permeability. [For further details, see Cross et a. (2003), Trends in Biochemical Sciences 28, 488, from which this diagram is republished

with permission.] (see color insert)



100

ParT | Basic Science

universal hyperpermeability of tumor blood vessels. Perme-
ability becomes evident within a minute following injection
of VEGF-A protein into skin and continues for approxi-
mately 20 minutes. VEGF-A is among the most potent vas-
cular permeabilizing agents known, acting at concentrations
below 1nM and with potency some 50,000 times that of his-
tamine on amolar basis.

VEGF-A induces venular permeability by its action on
endothelial cells, the primary barrier to the extravasation of
plasma proteins, but there has been debate about the path-
way that circulating macromolecules follow in traversing
endothelium. The earlier view had been that vasoactive
agents cause endothelial cells to pull apart, creating an
interendothelial cell gap through which macromolecules
could extravasate. Although supported by data using cul-
tured endothelial cells, evidence for an intercellular extrava-
sation pathway in vivo is not convincing. More recent
studies have shown that macromolecules cross tumor and
normal venular endothelium primarily by means of a
transendothelial cell pathway that involves vesiculo-
vacuolar organelles (VVOs) (see Chapter 46 by A. Dvorak
and D. Feng for a detailed discussion of VVOs). VEGF-A
also induces endothelial fenestrations that provide an addi-
tional transcellular pathway for solute extravasation.

The increased microvascular permeability induced by
VEGF-A leads to tissue edema, a characteristic of tumors,
healing wounds, and other pathologies in which VEGF-A is
overexpressed. Extravascular fluid accumulation is particu-
larly prominent in tumors growing in body cavities such as
the peritoneum (ascites tumors). Plasma protein leakage has
several consequences. One of these is activation of the clot-
ting system via the tissue factor pathway, leading to deposi-
tion of afibrin gel that retards clearance of edema fluid and
resultsin locally increased interstitial tissue pressure, achar-
acteristic feature of many solid tumors. Deposited fibrin
also provides a provisiona stroma for endothelial cell and
fibroblast migration that supports the angiogenesis and
fibrogenesis necessary for generating mature stroma
(desmoplasia in the case of tumors or scar formation in
wound healing).

Other Biological Activities on Vascular Endothelium

VEGF-A has multiple effects on vascular endothelium
that become apparent over the time frame of hours to days.
These include striking changes in cell morphology and
cytoskeleton, accompanied by stimulation of endothelia
cell migration and division. At the molecular level, VEGF-
A reprograms endothelial cell gene expression, causing the
increased production of several different proteins, including
the procoagulant tissue factor, fibrinolytic proteins (uroki-
nase, tPA, PAI-1, urokinase receptor), matrix metallo-
proteases, the GLUT-1 glucose transporter, nitric oxide
synthase, numerous mitogens, and antiapoptotic factors
(eq., bcl-2, A1, survivin, XIAP). VEGF-A also serves as
an endothelial cell survival factor, protecting endothelia
cells against apoptosis (L. Benjamin) and senescence. In

addition, the Jain laboratory has shown that VEGF-A upreg-
ulates the expression of endothelial adhesion molecules on
vascular endothelium, including E-selectin, ICAM-1, and
VCAM; this favors inflammatory cell attachment and
extravasation. Recently, the Ferraralaboratory hasidentified
another activity of VEGF-A, that of paracrine release of
hepatotrophic molecules from sinusoidal liver endothelium,
afunction mediated through VEGFR-1.

Effects of VEGF-A on Cells Other Than
Vascular Endothelium

There is increasing interest in activities that VEGF-A
exerts on nonendothelial cells that express VEGF receptors
as VEGF-A stimulates monocyte chemotaxis and prolifera-
tion of uterine smooth muscle. VEGF-A also has reported
effects on lymphocytes, granulocyte-macrophage progenitor
cells, osteoblasts, Schwann cells, mesangial cells, and
retinal pigment epithelial cells. In development, VEGF-A
drives angioblasts and primitive vessels toward arterial dif-
ferentiation and attracts filopodia of both endothelia cells
and neurons, causing these cells to move in the direction of
a VEGF-A gradient. VEGF-A receptors have now been
reported on some tumor cells, raising the possibility that
VEGF-A exerts autocrine effects that enhance tumor cell
motility and survival.

Expression of VEGF-A in Normal
Physiology and in Pathology

VEGF-A is congtitutively expressed in the cells of many
normal tissues and at higher levels in severa types of
epithelium (renal glomerular podocytes, adrena cortex,
breast, and lung), in cardiac myocytes, and in activated
macrophages. It is also expressed at high levelsin the phys-
iological angiogenesis of ovarian follicular development,
in corpus luteum formation, and in endochondral bone
formation.

VEGF-A is overexpressed by the vast mgjority of solid
human and animal carcinomas, where it is thought to be the
prime mover of tumor angiogenesis. Most VEGF-A in solid
tumorsis expressed by the malignant cells, but tumor stroma
can aso synthesize VEGF-A. More recently, VEGF-A has
been found to be expressed in lymphomas and hematol ogi-
cal malignancies. VEGF-A is also overexpressed in at least
some premalignant lesions (e.g., precursor lesions of breast,
cervix, and colon cancers); furthermore, expression levels
increased in parallel with malignant progression. An associ-
ation between VEGF-A expression and benign tumors is
less well established, in part because the latter have been
less carefully studied. However, pituitary adenomas and
benign hemangiomas rarely overexpress VEGF-A, whereas
uterine leilomyomas and malignant vascular tumors do so.

VEGF-A is overexpressed in many other examples of
pathological angiogenesis, including wound healing (e.g.,
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in healing skin wounds, myocardial infarcts, and strokes),
chronic inflammation (e.g., delayed hypersensitivity, rheum-
atoid arthritis, psoriasis), and various retinopathies. In all of
these examples, VEGF-A is thought to be largely responsi-
ble for the accompanying angiogenesis.

Regulation of VEGF-A Expression

Several mechanisms regulate VEGF-A expression,
including oxygen concentration, low pH, oncogenes and
tumor suppressor genes, cytokines, hormones, and a variety
of other mediators.

Oxygen Concentration and Low pH

Hypoxia potently upregulates VEGF-A expression, both
by stabilizing its message and by increasing message tran-
scription. Transcriptional regulation is mediated through
hypoxia-inducible factor 1 (HIF-1), a heterodimeric protein
transcription factor. One HIF-1 component, HIF-1a, is rap-
idly degraded under normoxic conditions by the ubiquitin
pathway; however, when stabilized by hypoxia, HIF-1la
dimerizes with HIF-1B, and the complex binds to and acti-
vates a hypoxia-responsive element in the VEGF-A pro-
moter. Hypoxic regulation of VEGF-A expression is likely
important in healing wounds and has been demonstrated in
some tumors. However, many tumors express VEGF-A con-
stitutively at high levels even under normoxic conditions,
and therefore, regulation is achieved by other means, such
as those discussed as follows.

Low pH, another hallmark of tumors and ischemic tis-
sues, also upregulates VEGF and does so independently of
HIF-1.

Oncogenes and Tumor Suppressor Genes

Several oncogenes (src, ras) and tumor suppressor genes
(P53, p73, von Hippel Lindau [vHL]) modulate VEGF-A
expression and in this way can modulate tumor growth.
Cells transfected with mutant src or ras oncogenes express
increased amounts of VEGF-A mRNA and protein. The vHL
tumor suppressor gene is part of the protein complex that
targets specific proteins, including HIF-1a, for ubiquitinyla-
tion and proteolysis. Therefore, when vHL is absent or
inactivated, HIF-1lo is stabilized even under normoxic
conditions with resulting upregulation of VEGF-A and per-
haps other members of the VPF/VEGF family. The p53 and
p73 genes suppress VEGF-A transcription.

Cytokines and Other Mediators

Numerous growth factors, cytokines, and lipid mediators
upregulate VEGF-A expression in different cells, including
EGF, TGF-o, FGF-2, TGF-B3, PDGF, keratinocyte growth
factor, TNF, interleukins 1 and 6, insulin-like growth factor
1, HGF, and prostaglandins E1 and E2. These findings are
likely to be important in autocrine regulation of VEGF-A

expression in vivo in that many tumors that express VEGF-
A aso express other cytokines and their receptors (e.g.,
TGF-a, FGF-2, EGF).

Hormones

VEGF-A is expressed by many cells that make steroid
hormones (adrenal cortex, corpus luteum, Leydig cells) and
by cellsthat are under hormonal regulation (e.g., the cycling
uterus and ovary). Circulating VEGF-A levels and presum-
ably VEGF-A expression correlate with estrogen receptor
positivity in breast cancer. VEGF-A is also expressed by
peptide hormone-producing cells such as thyroid follicular
cells, and its production in culture is upregulated by agents
such as insulin, dibutyryl c-AMP, and the 1gG of Graves
disease. Thyroid-stimulating hormone upregulates VEGF-A
mMRNA expression in human thyroid follicles and promotes
VEGF-A secretion in severa thyroid cancer cell lines.

Other Agents

Several other chemicals, proteins, and processes can aug-
ment VEGF-A expression or activity by direct or indirect
means, including thrombin, platelet aggregation, shear
stress, acidosis, lysophosphatidic acid, and adenosine. On
the other hand, dexamethasone downregulates or prevents
cytokine- (but not hypoxia) induced upregulation of
VEGF-A expression.

The New Blood Vessels Induced
by VEGF-A

VEGF-A, and particularly its 164/5 isoform, is thought to
be the most important mediator of pathological angiogene-
sis, including that induced by tumors, wounds, and inflam-
mation. However, al of these complex entities involve the
activities of multiple cytokines. Recently, it has been possi-
ble to tease apart those aspects of the angiogenic response
that are attributable solely to VEGF-A by expressing VEGF-
A164in an adenoviral vector (Ad-VEGF-A164). Upon intro-
duction into mouse tissues, infected host cells express
VEGF-A64 protein within a few hours and continue to
secrete it at fairly constant levels for approximately two
weeks. VEGF-A164 induces a highly reproducible, time-
ordered sequence of eventsthat is qualitatively similar in all
tissues studied. Local microvessels become hyperpermeable
to plasma proteins, resulting in tissue edema and deposition
of extravascular fibrin. By 18 hours, enlarged, thin-walled,
pericyte-poor, hyperpermeable, and strongly VEGF recep-
tor-positive “mother” vessels develop from preexisting
venules (Figure 4). Such mother vessels are characteristic of
many tumors, healing wounds, and so forth and form
according to a three-step process. (1) proteolytic degrada-
tion of the noncompliant (nonelastic) vascular basement
membrane; (2) detachment of pericytes from basement
membrane; and (3) transfer of VVO membranes to the
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Figure 4 Schematic diagram summarizing the progression of the angiogenic response that follows introduction of a
VEGF-A164_expressing adenoviral vector in vivo. Mother vessels develop and may evolve into glomeruloid bodies, vascu-
lar malformations, and daughter capillaries. Finally, as VEGF-A164 expression wanes, glomeruloid bodies undergo apopto-
sis, whereas malformations achieve VEGF-A independence and persist indefinitely. [Republished in modified form from
Pettersson et al. (2000), Laboratory Investigation 80, 99]. (see color insert)

plasma membrane, alowing endothelial cells to thin and
spread over the enlarged surface area that was made possi-
ble by basement membrane degradation.

Mother vessels are transitional structures that generally
persist as such for only a few days (Figure 4). They may
divide into smaller channels by projecting translumina
endothelial cell “bridges’ into and across mother vessel
lumens; these divide blood flow into smaller channels that
separate from each other over time, forming individua
smaller-caliber “daughter” capillaries. Mother vessels also
evolve to form glomeruloid bodies, poorly organized con-
glomerates of endothelial cells and pericytes that are also
found in tumors such as glioblastoma multiforme. Other
mother vessels acquire a coating of smooth muscle cells
and/or fibrosis and take on the appearance of arteriovenous
vascular malformations. Taken together, these findings show
that VEGF-A is sufficient to generate the mother vessels,
glomeruloid bodies, and vascular malformations found in
various human pathologies.

In addition, VEGF-A1%4 is also able to induce a modest
degree of arteriogenesis and to generate abnormal “giant”
lymphatics that are characterized by very large size and poor
function. Lymphatics of this description occur in patients
with Crohn’s disease and in lymphangiomas (lymphatic
malformations).

Clinical Significance of VEGF-A

Patients with large tumor burdens and widespread
metastatic disease have increased levels of circulating

VEGF-A, often multiples of those found in normal individ-
uals. Although not useful as a screening tool, increasing
serum VEGF-A levels may signify increased tumor growth,
recurrence, or metastatic spread in individua patients.
There is debate about whether plasma or serum levels are
more meaningful because platelets sequester VEGF-A and
because plasma o2 macroglobulin binds it and makes it
unavailable to at least some antibodies. Also, both
megakaryocytes and leukocytes synthesize VEGF-A. There-
fore, serum levels reflect not only VEGF-A of tumor origin
but also that released from platelets and leukocytes, making
it difficult to establish a range of normal values. VEGF-A
levels are also elevated in malignant effusions and in the
urine of patients with bladder cancer.

Treatments that reduce VEGF-A expression or inhibit its
action have been advanced as an antiangiogenesis approach
to cancer therapy. Antibodies that neutralize VEGF-A strik-
ingly inhibit tumor growth in mice and have recently shown
success in prolonging the life of colon cancer patients when
used in combination with chemotherapy. Conversely,
VEGF-A has been used in attempts to induce the growth of
new blood vessels in ischemic tissues (e.g., myocardial
infarctions, peripheral vascular disease), but there are many
reasons for caution. Very recently, reduced VEGF-A has
been implicated in amyotrophic lateral sclerosis and in cer-
tain neurovascular disorders.

Glossary

Angiogenesis: The development of new blood vessels from preexist-
ing blood vessels.
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Vasculogenesis: The development of blood vessels from angioblasts
asin development.

Vesiculo-vacuolar organelles (VVOs): Interconnected chains of
uncoated cytoplasmic vesicles and vacuoles that span the entire thickness
of venule endothelial cell cytoplasm from lumen to albumen. VVOs serve
as a pathway for macromolecular extravasation and as an intracellular store
of plasma membrane that can be transferred to the cell surface to alow
rapid plasma membrane expansion and vessel enlargement.
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I ntroduction

It iswell established that the de novo formation of blood
vessels in the embryo is accomplished by the process of
vasculogenesis. Endothelial progenitor cells (EPCs) or
angioblasts are formed from more primitive mesodermal
precursors and migrate into areas of vessel formation, where
they are incorporated into the vascular wall and differentiate
into mature endothelial cells (ECs). Vasculogenesis is con-
trasted by angiogenesis, a process classically thought to be
the exclusive means of new vessel formation in the adult.
Angiogenesis consists of the replication of mature endothe-
lial cellsthat are resident in established blood vessels. These
cells provide a supply of endothelium for the budding and
branching of new vessels from the old. However, evidence
has accumulated over the past decade that vasculogenesisis
not limited to the prenatal period but is also an important
component of new vessel growth in the adult. This chapter
summarizes the current body of work on circulating
endothelial progenitor cells as building blocks of adult
neovasculature.

Despite the recent burst of interest in the concept of vas-
culogenesisin the adult animal, evidence that an endothelial
precursor is present in the adult circulation has a long his-
tory. In 1932, Hueper and Russell reported on “Capillary
Tube Formation in Tissue Cultures of Leukocytes.” This

was followed by several reports in the 1950s of hematopoi-
etic cells adopting characteristics of endothelial cells in
vitro, and numerous publications have described the partic-
ipation of blood-derived cellsin the re-endothelialization of
vascular grafts. Several studies suggested that the new
endothelial layer was not a result of migration of cells from
preexisting vessels. These early reports suggested the pres-
ence of circulating cells that could form endothelium. Sev-
eral possible hypotheses could explain this finding.

M ature Endothelial Cells
in the Circulation

One possihility is that mature endothelia cells are pres-
ent in the circulation and can participate in neovasculariza-
tion. In 1970, Gaynor and colleagues identified endothelial
cells in the circulation of rabbits after exposure to endo-
toxin. A body of evidence has since accumulated, demon-
strating the presence of mature endothelia cells in the
circulation after various types of vascular injury. However,
it is unlikely that these cells contribute significantly to vas-
culogenesis. Two pieces of data that argue against mature
ECs participating in vasculogenesis are their extremely low
prevalence in the blood (1 to 3 per milliliter of blood) and
their limited proliferative capacity based on in vitro assays.

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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The prevailing evidence indicates that these circulating
mature ECs are not the cells responsible for vasculogenesis
in the adult. Nevertheless, the presence of increased mature
ECsin the circulation may be useful as a marker for vascu-
lar injury.

Endothelial Progenitor Cells
from the Bone Marrow

Another hypothesis regarding the potential reservoir for
circulating endothelial progenitorsisthat they arise from the
bone marrow. The potential for hematopoietic cells to con-
tribute to endothelial formation is supported by the close
relationship between endothelial cells and hematopoietic
cells in development. Endothelial progenitors (angioblasts)
and hematopoietic progenitors both arise from mesodermal
precursors in the blood islands during early embryonic
development. The angioblasts develop at the perimeter of
blood idlands in the yolk sac of the embryo, whereas
hematopoietic precursors are formed in the center of the
blood island. A common precursor for both hematopoietic
precursors and angioblasts has also been described by Risau
et al. in 1995 using in vivo studies in zebrafish and in vitro
differentiation experiments. Embryonic angioblasts and
hematopoietic stem cells a so share several markers, includ-
ing Flk-1, Tie-2, and CD34. These hint at the close ties
between ECs and hematopoietic cells, suggesting that circu-
lating endothelial progenitors may be generated from bone
marrow cells. This line of reasoning ultimately led to the
isolation and characterization of circulating EPCs.

Isolation and Char acterization of
Circulating Endothelial Progenitors
from Adult Peripheral Blood

Circulating endothelial progenitors have been defined as
highly proliferative cellsthat are derived from the bone mar-
row with the capacity to adopt endothelial characteristicsin
vitro and incorporate into neovasculature and differentiate
into mature endothelial cells in vivo. Asahara, Isner, and
colleagues published the first description of circulating
endothelial progenitor cellsin an adult in 1997. In this ini-
tial description, human peripheral blood mononuclear cells
enriched for expression of the markers Flk-1 (VEGFR2) and
CD34 were found to have the capacity to develop traits of
mature endothelial cells when cultured. The conditions used
to produce this phenotype attempted to recapitulate an
angiogenic environment by including bovine brain extract in
the culture medium. The cells expressed endothelial charac-
teristics such as the markers CD31, Tie-2, Flk-1, von
Willebrand Factor (VWF), and endothelia nitric oxide
synthetase (ecNOS). The cells aso took up Dil-labeled
acetylated low-density lipoprotein (Dil acLDL) and lost the
hematopoietic cell surface marker CD45. This initial work

was a prelude to several studiesin the area that have used a
variety of culture conditions to induce the expression of
endothelial traitsin bone marrow—derived cells. The starting
populations of cells that have been used in these ex-
periments can be roughly divided into two categories:
hematopoietic stem cells and monocytes. (See Table | for a
summary of these experiments.)

Several groups have reported that cells with one or more
of aconstellation of markers CD133, CD34, and the vascu-
lar endothelial growth factor receptor flk1 (VEGFR2) iden-
tifies a subpopulation of circulating cells with endothelial
potential. These cells have been isolated both from the bone
marrow and peripheral blood and been found to adopt
endothelial characteristics in culture. Upon culture with
angiogenic cytokines such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), and
others, the precursor endothelial cells lose the expression of
hematopoietic stem cell markers CD133 and CD34 and
begin expressing the endothelial markers VVE-Cadherin, von
Willebrand factor, and Ulex europaeus agglutinin-1 (UEA-
1) binding. Additionally, these cells are able to show some
functional endothelial characteristics in vitro, including
uptake of acL DL and tube formation in matrigel.

Another hematopoietic cell population that has been
shown to adopt endothelial characteristics in vitro and par-
ticipate in neovasculature formation in vivo are peripheral
blood monocytes. The ability of amonocyte fraction of cells
to assume endothelial characteristics in vitro was first
demonstrated in 2001 by Haaraz and colleagues and has
been subsequently repeated in other studies. As with the
CD34+/CD133+/FLK1+ cells, monocytes require culture
under angiogenic conditions to express endothelial traits.
These cells were found to express the EC markers von
Willebrand factor, VE-Cadherin (CD144), endoglin
(CD105), thrombospondin receptor (CD36), VEGFR1, and
VEGFR2. However, unlike the CD34+/CD133+/FLK1+
derived cells, the monocyte-derived cells continue to
express myeloid markers such as CD45 and CD14, even as
they begin showing endothelial characteristics.

Contribution of Circulating
Cellsto Neovasculature

In their initia report of endothelial progenitor cells
Asahara and colleagues showed that following systemic
injection, endothelial progenitors incorporate into sites of
vessel growth and repair in rodent hind limb ischemia mod-
els. Other investigators have since repeated this finding.
Several experimental designs have been used to document
this process, although each design has possible pitfalls. The
supply of endothelial progenitors has varied between
experiments. Both undifferentiated early progenitor cells
and cells that have been differentiated in vitro to a more
endothelial-like phenotype have been delivered systemically
and directly into areas of vessel growth. Additionally, bone
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Tablel.

Characteristics of Endothelial Progenitor Preparations.

Hematopoietic cells of different types and from different sources have been shown to express endothelial
characteristics when cultured with pro-angiogenic cytokines. Starting cell populations and sources are
shown in addition to culture additives; vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), insulin-like growth factor |1 (IGF-1), and epidermal growth factor (EGF). The expression of
a set of endothelial and myeloid markersisindicated for each study. Endothelial-like cells derived from

hematopoietic progenitors and monocytes are grouped separ ately.

Starting cell population

Culture additives

EPC characteristics

Reference

Cellswith Progenitor Markers
Total human PB mononuclear
cells

CD34+ human periperal blood

CD34+ human bone marrow,
fetal liver, cord blood, peripheral
blood

CD133+ GCSF mobilized human
periphera blood

CD133+ human bone marrow
followed by selection with
UEA-1 binding
CD34+/CD133+/VEGFR-2+
human peripheral blood, fetal
liver, and cord blood

Monocytes
Unselected human peripheral
blood mononuclear cells

CD14+ human peripheral blood
monocytes

Human CD34+mobilized
periphera blood

Human CD34- peripheral blood
monocytes

CD214+ human peripheral blood

VEGF, bFGF, IGF-1, EGF,
hydrocortisone, heparin, FBS
Bovine brain extract FBS

VEGF, bFGF, IGF-1

FBS, VEGF, SCGF,
hydrocortisone

FBS, bFGF, heparin

FBS, bFGF, heparin

VEGF, bFGF, IGF-1, EGF, FBS

FBS, VEGF, bFGF, IGF-1
FBS, insulin, VEGF, bFGF
FBS, bovine brain extract

VEGF, bFGF, EGF, IGF-1,
hydrocortisone, heparin, FBS

P1H12+, VWF+, CD36+, VE-Cad+,
WP bodies, CD14—

EcNOS+, Tie2+, CD34+, CD31+,
CD45-

AcLDL, VWF

CD34+, CD31+, VE-Cad+, Flk-1+,
Tie2+, UEA-1, vWF+, CDla-, CD14—

VE-Cad, VWF, P1H12, UEA-1, CD105,
KDR, WP bodies, CD14—-, CD45-,
CD34-

AcLDL, VE-Cad, CD13, CD31

AcLDL, UEA-1, CD45+, CD14+,
CD11b+, CD11c+, CD31, low VE-Cad,
low CD34

VWEF, VE-Cad, ecNOS, CD68

VE-Cad, ecNOS, VWF

EcNOS, vVWF, VE-Cad, Tie-2, MUC18,
CD105, CD1a, CD45, acLDL

Ac-LDL, VWF, VE-Cad, CD105,
CD36, Fit-1, FIk-1, CD1a-, CD83-,
CD68, HLA-DR

Lin et a. (2000). J. Clin. Invest. 105,
71-77

Asahara et al. (1997). Science 5302,
964-967

Shi et al. (1998). Blood 92, 362-367

Gehling, U. M. et al. (2000). Blood
95, 3106-3112

Quirici et al. (2001). Br. J. Haematol.
115, 186-194

Peichev et a. (2000). Blood 95,
952-958

Rehman et al. (2003). Circulation
107, 1164-1169

Schmeisser et al. (2001). Cardiovasc.
Res. 49, 671-680

Nakul-Aquaronne et al. (2003).
Cardiovasc Res 57, 816-823

Harraz et al. (2001). Stem Cells 19,
304-312

Fernandez Pujol et al. (2000).
Differentiation 65, 287-300

marrow transplant studies have been performed to document
theincorporation of bone marrow—derived cellsinto agrow-
ing endothelium. The methods of marking the endothelial
progenitors have also differed and include dye labeling,
green fluorescent protein (GFP) expression, use of trans-
genic donor animals expressing GFP or 3-gal actosidase, and
identification of the Y chromosome in sex-mismatched
donor/recipient pairs. Some criticisms of these studies have
been the possibility of dye uptake by other native cells and
the inherent difficulty in demonstrating that a cell is func-
tionally incorporated into the vasculature as opposed to spa-
tially located in the vasculature. Despite these criticisms, the
ability of several groups to derive essentially the same con-
clusions using varied experimental methodol ogies make the
data compelling.

Although the potential for circulating cellsto incorporate
into new vasculature appears to be established, there contin-

ues to be debate on the relative importance of angiogenesis
versus vasculogenesis in the adult. An effort has been made
to quantitate the relative amount of endothelium derived
from circulating cells versus mature local endothelia cells
using rodent bone marrow transplant models. Several
groups have used this strategy and found wide ranges
of donor versus recipient contribution to new vascular
endothelium. In different experimental situations, the donor
contribution ranges from 0 to 95 percent (see Table I1). The
comparison of these experiments is complicated by the use
of different models of adult vascular formation ranging from
tumors to limb ischemia and by other factors such as differ-
ences in the extent of bone marrow engraftment and accu-
racy with which transplanted cells are differentiated from
host cells. Severa studies in human transplant patients have
also been published. Host contributions to endothelium in
donor hearts ranging from 0 to —25 percent have been
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Tablell.

Contribution of Bone Marrow—Derived Cellsto Neovasculature in Mouse Transplant M odels.

The contribution of bone marrow—derived cellsin various models of neovascular growth in the adult
mouse has been determined using murine transplant models. The wide range of bone marrow—derived
cellsillustrates possible differences in the contributions of angiogenesis ver sus vasculogenesis with
different experimental conditions.

Model of vascular growth

Percentage of bone marrow—derived cells

Reference

Regenerative lung growth rare

Cerebral ischemia Cells present at infarct border

Brain injury 0
Ischemic cardiac injury 3.3%
Sarcoma xenograft 10%
B6RV2 lymphoma xenograft 95%

Glioma xenograft 10-25%

Voswinckel et a. (2003). Circ. Res. 93, 372-379

Zhang et a. (2002). Circ. Res. 90, 284288

Vallieres et al. (2003). J. Neurosci. 23, 5197-5207
Jackson et a. (2001). J. Clin. Invest. 107, 195-402
Bolontrade et al. (2002). Clin. Cancer Res. 8, 3622-3627
Lyden et al. (2001). Nat. Med. 7, 1194-1201

Ferrari et a. (2003). Gene Therapy 10, 647-656

demonstrated, and recipient-derived endothelial cells have
been reported in transplanted kidneys and livers. Trans-
planted bone marrow has also been found to contribute to
endothelium in recipients. There are wide variations in the
reported rel ative contribution of circulating cellsto new vas-
cular endothelium even among different patientsin the same
study. This variation in transplant patients as well as rodent
bone marrow transplant models suggests that many factors
influence the interplay between angiogenesis and vasculo-
genesis and a so illustrates the complexity and variability of
these experiments.

Factors That I nfluence the Number s of
Circulating Endothelial Progenitors

The wide range of estimates on the relative contribution
of bone marrow—derived cells to neovasculature suggests
that this contribution may vary depending on the conditions
in a particular experiment or the biological/clinical situa-
tion. One prevailing theme in the literature is the absence or
low level of bone marrow—derived cells incorporated into
quiescent endothelium, while higher percentages of
marrow—derived cells are reported in proliferating vascula
ture. Other than this broad generalization, factors that may
influence the relative contributions of angiogenesis and vas-
culogenesis to neovessel formation in different circum-
stances remains unclear. One variable that may play aroleis
the number of circulating endothelia progenitors.

In a broad sense, the number of circulating endothelial
progenitors is increased by vascular injury. More specifi-
caly, the levels of several cytokines have been found to
influence the numbers of circulating EPCs. Not surprisingly,
VEGF was one of the first substances identified that
increases EPC number. Increased plasma levels of VEGF in
adult mice and humans has been shown to increase EPCs.
Other chemokines such as platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), and interleukin-8
(IL-8) have also been shown to promote the migration of

endothelial cells to sites of injury. G-CSF, GM-CSF, and
erythropoietin, cytokines already in use clinically to pro-
mote mobilization of hematopoietic cells, can also increase
EPCs. EPC mobilization can also be increased by HMG-
CoA reductase inhibitors (statins). Further dissection of the
mobilization of circulating EPCs by Heissig and colleagues
shows that mobilization of both hematopoietic and endothe-
lial precursors is dependent on MMP-9-mediated release of
soluble kit ligand (sKitL) in the bone marrow.

Are Circulating Célls Critical to the
Formation of New Vasculature?

Although numerous studies have demonstrated that cir-
culating endothelial progenitors may be involved to a
greater or lesser extent in vessel formation in the adult, few
have unequivocally demonstrated their necessity in this
process. Mice with reduced gene dosages of the Id tran-
scription factors are unable to support neoangiogenesis in
tumors. Rafii and colleagues demonstrated that bone mar-
row transplantation with wild-type marrow could reconsti-
tute tumor angiogenesisin Id1*-1d3~~ mice. Not only were
these studies the first to imply that marrow—derived cellsare
involved in new vessel formation in the adult, but they also
demonstrated that these cells are critical for this process of
new vessel formation. In this work, approximately 90 per-
cent of the tumor vessels were found to contain cells derived
from the donor bone marrow.

Clinical Studies Using Bone
Marrow-Derived Cellsto Augment
Neovascularization

Although our knowledgeisstill initsinfancy, the biology
of circulating EPCs has begun to show some therapeutic
promise. In early animal experiments, the injection of
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human bone marrow—derived EPCsimproved revasculariza-
tion in rodent hind limb ischemia models. Local injection of
EPC or CD34+ cells into the ischemic myocardium of rats
has also been shown to improve the recovery of cardiac
function after the injury. The use of EPCs in revasculariza-
tion has progressed to clinical trials. The delivery of
autologous bone marrow cells was shown to improve
revascularization in patients with ischemic limbs in the
Therapeutic Angiogenesis using Cell Transplantation Study.
Severa clinical trials have aso shown benefit to the local
delivery of EPCsin the treatment of myocardial infarction.

Using Bone Marrow—Derived Cells
in Antiangiogenic Strategies

Using EPCs to impede vascular growth is also being
investigated. Ferrari and colleagues used bone marrow—
derived cells to deliver a conditional cytotoxic gene to
tumor vasculature. This approach resulted in a significant
decrease in tumor growth. Other laboratories have used sim-
ilar methods to impede tumor growth. The depletion of cir-
culating endothelial progenitors is also being studied as an
approach for the treatment of cancer. Preclinical experi-
ments demonstrated the necessity of endothelial progenitors
in tumor growth, and low-dose chemotherapy has been
shown to decrease the number of circulating endothelial pre-
cursors. Thistreatment strategy is currently being eval uated
inclinical trials.

Conclusion

Significant advances in our understanding of the role of
bone marrow—derived cells in the formation of new vascu-
lature have occurred in the last decade. Despite these
advances, however, large gaps in our understanding of this
biology remain. The population(s) of cells involved
continue to be unresolved, and the methods of isolation of
circulating endothelial progenitor cells remain to be stan-
dardized. There continues to be controversy regarding the
importance of bone marrow—derived cellsin neovasculature
and the relative contribution of vasculogenesis versus angio-
genesis in the adult. Other important questions such as a
detailed description of the mechanisms of homing to areas
of vascular growth and the role and ultimate fate of the
endothelia progenitor cells that have incorporated into neo-
vasculature in vivo remains to be elucidated. It is becoming
clear that understanding the biology of circulating endo-
thelial progenitor cells is critica to understanding the
mechanisms of vessel formation, a process important in
many pathological and physiological processes. Continued

advances in this area are likely to pay significant clinical
dividends in the future.

Glossary

Angiogenesis: The growth of new blood vessels from preexisting vas-
culature.

Endothelial progenitor cell: A precursor cell with the potential to
develop into a mature, functional endothelial cell.

Vasculogenesis: The formation of new blood vessels from the aggre-
gation of endothelial progenitors.
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Pericytesand Microvascular
Morphogenesis
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Overview

During the past few years, the cellular mechanisms regu-
lating microvascular morphogenesis have come under close
scrutiny. In consideration of the important role that cell-to-
cell and cell-to-matrix interactions play in regulating these
developmental and disease-related processes, researchers
have taken advantage of the technology and approaches
founded in genetics and cell biology in their efforts aimed at
revealing the molecular mechanisms controlling develop-
mental and pathologic angiogenesis. Although significant
inroads have been made with regard to the molecular and
cellular details that govern endothelial seeding of early
organ primordia or the regulatory role that pericytes play in
microvascular physiology, there is currently little knowl-
edge regarding the molecular and cellular events regulating
vascular morphogenesis, including the signal s regulating the
recruitment and local differentiation of pericytes. Presum-
ably, the early inductive events that stimulate vascular
endothelia growth are also linked to the subsequent rounds
of vascular remodeling seen in association with vascular
proliferative disorders (e.g., tumor-induced angiogenesis,
diabetic retinopathy, age-related macular degeneration).
Collectively, these vascular morphogenetic events are char-
acterized by the (1) growth/differentiation of vascular
endothelia cells, (2) subsequent immigration and/or colo-
ni zation of microvesselswith pericytes, and (3) incipient de-
differentiation, loss, or death of pericytes that initiates or
sustains the vascular pathophysiologic state. Based on our
work and experiments carried out in our colleagues’ labs, it
seems quite likely that pericyte growth and differentiation
are critically dependent on autocrine signals, cues that
emanate from the microvascular endothelium and informa-

tion arising from the associating extracellular matrix com-
ponents present in the capillary basement membrane. In
turn, these homotypic and heterotypic cellular interactions
(i.e., endothelial—-endothelial, endothelial cell-pericyte, and
pericyte—astrocyte) and the interactions that occur between
these cells and the surrounding extracellular matrix dictate
where, when, and how vascular cell growth and differentia-
tion ensue. Moreover, acute or chronic perturbationsin these
molecular and cellular signaling pathways will play pivotal
rolesin developmental or pathologic angiogenesis.

Microvascular Morphogenesis

The vasculature forms via two processes: vasculogenesis
and angiogenesis. In vasculogenesis, endothelial cell (EC)
precursors called angioblasts associate to form early vessel
tubes. Tissues that are vascularized by this process are gen-
erally of endodermal origin and include lung and pancreas
as well as the heart tube and dorsal aorta. In the process of
angiogenesis, small blood vessels form by budding and
sprouting from larger, extant vessels. Tissues of ectodermal
and mesodermal derivation, such as the kidney, brain, and
retina, are thought to be vascularized primarily via angio-
genesis. In addition, angiogenesis appears to be the predom-
inant means of neovascularization during events such as
wound healing and during pathologies such as proliferative
diabetic retinopathy. Whether vessels form by angiogenesis
or vasculogenesis, the primitive vessels are subsequently
remodeled. Remodeling is a poorly understood event that
involves growth of new vessels and the regression of others,
aswell as changes in lumen diameter and vessel wall thick-
ness, to suit the local tissue needs.

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Although there are fundamental differences between
angiogenesis and vascul ogenesis, these two processes share
several common regulatory features.

Until recently, information regarding the regulation of
angiogenesis and vasculogenesis came from classic embry-
ological studies. During the past decade, cell and molecular
analyses have divulged several vessel-specific receptors and
their corresponding high-affinity ligands. These include the
isoforms of VEGF and its receptors, flk1, fltl, and neu-
ropilin-1; platelet-derived growth factors A and B (PDGF)
and their receptors o, and 3; angiopoietins (ang) 1 and 2 and
their receptor tie-2; and transforming growth factor B (TGF-
B) and the TGF-3 receptors 1 and 2 [1-3]. This database,
when combined with the ability to genetically manipulate
vascular development and differentiation using mouse
genetic approaches, has begun to provide important insights
into the molecular mechanisms that regulate vessel growth
and remodeling. Although our knowledge of the molecules
involved in the assembly of mature, quiescent blood vessels
is far from complete, observations to date do permit
some speculation regarding how vascular cells take
advantage of these developmental and differentiative signal-
ing pathways to assemble a physiologicaly functiona
vasculature [1, 3].

Receptor Kinases Regulate Microvascular
Growth and Differentiation

One specific area of interest in vascular signal transduc-
tion has been the recent identification of receptor tyrosine
kinases (RTKs), which coordinate signaling cascades inte-
gral to angiogenic phenomena. At least five transmembrane
receptor Kinases have been shown to possess an expression
pattern that is predominantly endothelial, and these can be
conceptualy subdivided into two groups. One group, or
subfamily, encodes the VEGF receptors, flt-1, flk-1, and flt-
4, whereas the second group encodes the TEK and Tie
receptors. Both groups share structural homology with
extracellular 1g and cytoplasmic split-kinase motifs.
Because expression patterns vary with developmental time
and space, there has been considerable speculation as to
whether the differential expression of each RTK is impor-
tant in dictating when or how the vascular endothelia line-
age is specified. Based on the very early and predominantly
overlapping expression patterns of flk-1 compared with the
subsequent onset of TEK and tie-l expression during
embryonic development, it has been suggested that these
signaling pathways are necessary for establishing the
embryonic vasculature. Analysis of dominant-negative
mutationsin the murine TEK genereved itsessentia rolein
fostering endothelia proliferation in vivo, but not in the
derivation of the endothelial lineage from angioblastic pre-
cursors. When considering the recurrent rounds of
neovascularization seen during norma development or

accompanying adult-onset, ischemia-induced ocular angio-
genesis, it is also quite likely that the regulated expression
of the fibroblast, platelet-derived growth factor, as well as
the vascular endothelial growth factor (VEGF) families are
also of pivotal importance for endothelial aswell as pericyte
proliferation [3, 4].

Receptor Tyrosine Kinases:
Endothelial—Pericyte Interactions?

Biochemical analyses and gene cloning studies have
clearly demonstrated the importance of the fibroblast growth
factor family in fostering endothelial growth and angiogen-
esis. Although it has been established that bFGF (FGF-2) is
a component of select subendothelial basement membranes
in vivo (as well as a component of the endothelial extracel-
[ular matrix in vitro), its mode of release as well asits accu-
mulation and function in the matrix remain somewhat
equivocal. Because matrix (heparin)-bound FGF envelops
populations of quiescent endothelia cells, others and we
have suggested that it acts as a wound healing or survival
agent, being released following tissue injury. However, if
FGF-2 acts only in an autocrine or paracrine role to stimu-
late endothelial proliferation, then it is difficult or impossi-
ble to explain the exceedingly low rate of endothelia
turnover observed in microvascular beds that possess FGF-
2-enriched basement membranes, let alone its presence in
the extracellular compartment despite any convincing evi-
dence of local injury or cell death. These important obser-
vations have led us to postulate other critical roles for FGF
signaling in vascular cells[5]. Specifically, isit possible that
the recruitment and/or local differentiation of retinal peri-
cytes are regulated by endothelial-produced and matrix-
associated growth regulators (i.e., FGF-2).

As has been well studied, the pericyte resides within the
basement membrane in association with the microvascular
endothelial cell. Although the pericytes’ contribution to the
basement membrane, per se, has not been critically estab-
lished, the strategic location of this mural cell population
within the basement membrane places it in a position capa-
ble of participating in unique heterocellular signaling,
events that may be essential for their sustained growth
and/or survival [6, 7]. Work in the field has demonstrated a
role for PDGF in potentiating vascular smooth muscle and
pericyte proliferation.Vascular endothelial cell (EC) produc-
tion of PDGF is seemingly regulated by injury and repair,
because quiescent EC populations fail to produce measura-
ble PDGF levels in vitro. In vivo, PDGF and PDGF RTK
MRNA have been localized within pericyte-deficient capil-
laries, but it is unknown whether such an autocrine signal-
ing loop isresponsible for stimulating endothelial cell cycle
progression. Recently, work from our laboratory has
revealed that FGF-2 acts as a principal regulator of pericyte
growth during the development and/or remodeling of the
microvasculature [5]. These observations demonstrate a
critical role for FGF signaling not only in microvascular
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development but in the pathological morphogenesis occur-
ring during disease as well.

Modulation of pericyte contractile phenotype is by ser-
ine/threonine kinase signal transduction, TGFB-1, and the
extracellular matrix. TGFB-1, which is a member of the
transforming growth factor gene family and represents
the prototype of this multimember family, coordinates a
variety of activities, including the regulation of growth,
differentiation, and extracellular matrix production. Its
widespread expression during embryonic development
points to the important role that TGFB-1 playsin orchestrat-
ing epithelial-mesenchymal interactions, angiogenesis,
chrondro-, and osteogenesis. Only recently, through the tar-
geted disruption of TGFB-1, have these essential role(s)
been mapped. TGFB-1 signals through two transmembrane
serine/threonine kinases, STKI and STKII, which function
together and share about 40 percent homology with each
other [2]. Each STK possesses an extracellular cysteine-rich
domain responsible for fostering ligand binding, a single
transmembrane domain, and an intracellular serine/threo-
nine kinase domain responsible for intracellular signaling. It
has been demonstrated that binding of TGFB-1 to STKII
causes receptor phosphorylation, allowing association and
phosphorylation of STKI, therein forming a functional het-
eromeric complex capable of downstream signaling. In vivo
phosphorylation occurs within a stretch of five clustered
threonines and serines (TTSGSGSG) within the GS domain,
a conserved stretch of 30 amino acids that are unique to
STKI. Mutations that either (1) inactivate the STKI kinase
domain, (2) eliminate the STKI1 phosphorylation sites, or (3)
alter the STKII cysteine-rich region involved in recognition
of TGFB-1 all prevent STKI phosphorylation and TGFB-1
signal transduction. Elucidation of the downstream targets
for STKI and STKII may unveil important new insights in
TGFB-1 signaling during embryonic development, cellular
differentiation, and the response to injury. Our recent dis-
covery that TGFB-1 signaling may orchestrate the onset of
pericyte differentiation as well as control pericyte extracel-
lular matrix production not only indicates the putative
importance of STK signaling during retinal microvascular
development, but, in consideration of the known alterations
that occur in retinal capillary permeability, basement mem-
brane composition, and vascular cell growth/differentia-
tion during diabetes, it seems evident that aberrations in
TGFB-1 signa transduction may also be critically involved
in regulating pericyte de-differentiation during disease onset
[5, 8].

Despite recent in vitro demonstrations that pericytes
can dramatically inhibit endothelia growth in a TGF-B-
dependent pathway, little evidence indicates that the reverse
is also true (i.e., that pericyte growth or contractile pheno-
type can be modulated by endothelial-produced, matrix-
associated growth regulators). Early work helped establish
the important role that the endothelial-derived extracellular
matrix playsin modulating retinal pericyte growth state and
contractile phenotype [5, 9]. Most interesting and perhaps

critical to our more current understanding of matrix dynam-
icsand pericyte signal transduction is the demonstration that
collagen IV—enriched, endothelial-synthesized extracellular
matrix fosters pericyte proliferation. In these growth-
potentiated pericyte cultures, smooth muscle contractile
proteins cannot be detected [5, 9]. Similarly, when pericytes
are stimulated to proliferate under the control of exoge-
nously added FGF-2 and heparin (both of which are compo-
nents of the endothelial-derived matrix), o.-smooth muscle
actin expression is also repressed (as cells proliferate).

Not only do these observations suggest that the growth
state of the cells and their resultant contractile phenotype are
inversely related, but the data also suggest the phenotypic
similarity that exists between vascular smooth muscle and
pericytes, both with respect to the molecular events control-
ling contractile phenotype as well as cell cycle progression.
It is tempting to speculate that control of either pericyte
growth or differentiation is the sum total of the positive and
negative signals that originate in the vascular basement
membrane, with each signaling pathway having as targets
the regulators of cell cycle progression. In fact, reports in
the literature state that stimulation of growth by FGF-2 is
mediated by phosphorylation of the retinoblastoma suscep-
tibility gene product, RB, which is thought to restrict cell
cycle progression through late G1. It has also been demon-
strated that TGFB-1 may inhibit cell proliferation by pre-
venting RB phosphorylation. We presume that both of these
important signaling pathways are in place in the microvas-
culature (Figure 1). Furthermore, in consideration of therole
that TGFB-1 signal transduction plays in fostering retinal
pericyte differentiation (presumably viainduction of smooth
muscle gene transcription), it seems possible that other
downstream targets are aso affected. For example, TGFB-1
signaling in pericytes and/or endothelial cells could account
for the excessive accumulation of type IV collagen in dia-
betic basement membranes. In turn, reduplication of the
basement membrane may cause the loss of contact of
endothelial cells from pericytes. Concomitantly, pericyte
phenotypic modulation would ensue, resulting in de-differ-
entiation, loss of smooth muscle contractile proteins, and a
failure to restrain endothelial cells in their growth-arrested
state. These de-repressed endothelial cells would then begin
proliferating and retinal angiogenesis would ensue. In this
model (Figure 1), we would postulate that pericyte pheno-
typic modulation (de-differentiation), together with local
aterations in the extracellular matrix (rather than pericyte
death), serve as early signals that elicit the recurrent rounds
of endothelial proliferation observed during diabetes-
induced neovascularization. This hypothesisis supported by
the observations that, in humans, only a modest decrement
in pericyte number is seen in proliferative diabetic retinopa-
thy (~20% to 30%). Our collective data would strongly sug-
gest that the pericytes are present in the proliferative
retinopathic vasculature, but these cells are neither fully
contractile nor in intimate contact with their endothelial
neighbors (Figure 1).
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B actin-mediated EC

migration
Rho GTPase-mediated
DIFFERENTIATION repression of pericyte oVSM
Pericyte/EC contact actin
Myf-5, TGFB-1,0V SM- Pericyte losy “de-
actin and Rho GTPase- differentiation
MATURATION mediated pericyte EC growth
EC contact/growth- differentiation
arrest EC growth arrest
G’_?O W7_-H Matrix remodeling
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Figure 1 Model depicting microvascular morphogenesis during developmental and pathologic angiogenesis.

Pathologic Angiogenesis:
Recapitulation of
Microvascular Development

Development of the retinal vasculature is tightly regu-
lated and highly dependent on cell-to-cell and cell-to-matrix
interactions. For example, during retina development,
astrocytes transiently express VEGF as they migrate across
the ganglion cell layer, preceding the formation of the super-
ficial layer of retinal microvessels. Miiller cells also express
VEGF and direct a deeper layer of retinal microvascu-
lar morphogenesis. Blinding diseases, such as diabetic
retinopathy, age-related macular degeneration, or neovascu-
lar glaucoma are directly related to aberrant angiogenic
responses, which deploy common features of developmen-
tal angiogenesis, including ischemia and increased vascular
permeability. For example, in diabetic retinopathy, patho-
logical changes in the retinal vasculature yield proliferation

of endothelial cells, and the loss or de-differentiation of
pericytesis believed to be causally linked to the pathologic
angiogenic cascade.

The correlation between the absence of pericytes and
retinal neovascularization in diabetic retinopathy led to the
hypothesis that pericytes exert a suppressive influence in
capillary growth. Pericytes and endothelial cells share and
coproduce a common basement membrane through which
direct cell-to-cell contact can be achieved. Consistent with
this concept was the ultrastructural observation that pericyte
association with the developing capillary marked the cessa-
tion of vessel growth. Pericyte growth and recruitment is
positively regulated by PDGF-B, and recently it was
reported that endothelium-restricted ablation of PDGF-f3
generates viable mice with extensive inter- and intra-
individual variation in the density of pericytes throughout
the CNS, including retina. This strong inverse correlation
between pericyte density and the formation of a range of
retinal microvascular abnormalities suggests that pericyte
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depletion may be sufficient to cause retinopathy, at least, in
mice. Evidence suggests that at least some of theretinal per-
icytes are lost during nonproliferative diabetic retinopathy
as a result of apoptosis, presumably secondary to hyper-
glycemic episodes. However, based on earlier work carried
out in the lab, we also suspect that pericyte lossis caused by
their de-differentiation and concomitant dissociation from
the retinal endothelium. We further speculate that pericyte
apoptosis might ensue as aresult of either mechanism; alter-
ations in the retinal microvascular basement membrane are
also likely to be contributory, all events leading to a simi-
larly dysfunctional retinal microvasculature. Although these
mechanisms by which pericytes suppress endothelial cell
proliferation and/or stabilize capillaries have not been com-
pletely elucidated, coculture of pericytes with endothelial
cellsindicate that growth inhibition is achieved in a contact-
and TGF-B-dependent process. It is our working hypothesis
that signaling through the retinal microvascular isoactin net-
work orchestrates the retinal microvascular remodeling
required for developmental and pathologic retinal angio-
genesis. Ongoing experiments will not only directly test
this hypothesis, but results will also reveal the mole-
cular switches controlling developmental and pathologic
angiogenesis.

The Isoactin Network Drives Retinal Microvascular
Morphogenesis

Coordination of cell shape and motility during retina
microvascular morphogenesis occurs principaly through
molecular cascades that signal isoactin expression, isopro-
tein sorting, and cytoskeletal reorganization. Both the
assembly state as well as the molecular composition of the
isoactin network expressed in vascular cellsis tightly regu-
lated. Furthermore, actin cytoskeletal control mechanisms
arise through specific protein—protein interactions that
sequester isoactin monomers, foster filament cross-linking,
or alter polymerization kinetics [10]. Clearly, selective sub-
cellular or cell-specific functions are afforded through the
specific expression and sorting of multiple actin isoforms
encoded by distinct, structurally related genes[11].

There are multiple lines of genetic, cellular, and bio-
chemical data demonstrating functional diversity of the
actin isoforms. Functional distinction is evidenced by
altered expression profiles, biophysical properties, cellular
localization, and overexpression studies. For example, in
retina pericytes or vascular smooth muscle cells that are
actively dividing, nonmuscle isoactins are prevalent; how-
ever, when the cells are contractile, o-VSM actin (among
other smooth muscle—specific proteins) prevails[9]. Expres-
sion of aVSM actinis strongly regulated during wound con-
traction, as seen in myofibroblasts, during mesangial cell
damage in hypertension, and in de-differentiated, intimal
vascular smooth muscle cells present in atherosclerotic
lesions. This regulated pattern of vascular cell isoactin

expression mediates the developmental and disease-related
motile- and contractile-mediated events.

Rho GTPases Signal I soactin-Dependent Cytoskeletal
Remodeling

More recently, we have recognized the pivotal role that
the Rho GTPases and their downstream signaling effectors
play in regulating retinal microvascular shape, motility, and
contractile potential [12, 13]. As has been well documented,
activation of Rho GTPase in other cells has been shown to
cause the bundling of actin filamentsinto stressfibers, along
with the clustering of focal adhesion complex proteins. Like
all GTPases, Rho GTPases act as molecular switches, which
cycle between an inactive GDP-bound and an active GTP-
bound state, and the ratio between these two forms depends
on the activity of regulatory factors. GTPase-activating pro-
teins (GAPs) promote the inactive state of the GTPase by
increasing the GTPase's intrinsic rate of nucleotide hydrol-
ysis, while guanine nucleotide dissociation inhibitors
(GDIls) interfere with both the exchange of GDP for GTP
and the hydrolysis of bound GTP. Guanine nucleotide
exchange factors (GEFs) promote the active GTP-bound
state and tether the GTPases to specific subcellular locations
in order to generate an active signal. Biological implications
of these findings are wide ranging, and Rho GTPases,
together with family members, rac and Cdc42, play key reg-
ulatory roles in cell movement, axonal guidance, as well as
multicellular morphogenetic processes involving changesin
cell polarity and angiogenesis [3].

Two protein families appear to be required for contractil-
ity through Rho-induced assembly of stress fibers and focal
adhesions: the Rho-associated kinases (ROCK) and the Dia
members of the formin family. These include ROCK1 and
ROCK2 as well as mDial and mDia2. Activation of ROCK
appears to be necessary, but is not sufficient, for stress fiber
formation. Inhibition of ROCK using the inhibitor Y-27632
prevents stress fiber formation, whereas a constitutively
activated mutant of ROCK 1 promotes the formation of stel-
late actomyosin filaments, which do not resemble stress
fibers. Through its downstream phospho-substrates, ROCK
can signal isoactin reorganization by multiple mechanisms
(e.g., ROCK has been shown to phosphorylate and thereby
inactivate ML C phosphatase, thus resulting in an increasein
phosphorylated MLC). In addition, ROCK 1 can also play a
pivotal role in generating contractile force by stabilizing
filamentous actin cross-links through a LI M-kinase-depend-
ent phosphorylation of the actin depolymerizing protein,
ADF-cofilin, which is inactivated by phosphorylation. In
turn, this may also influence cellular ATP levels, which may
also be important in regulating cellular contractility, as has
recently been demonstrated for retinal pericytes [14]. For
the microvasculature, we believe that these molecular sig-
naling cascades are essential elements controlling develop-
mental and pathologic angiogenesis and offer a newfound
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awareness for the molecular and cellular mechanisms regu-
lating microvascular morphogenesis.

Glossary

Capillary: A microvascular blood vessel interposed between the arte-
rial and venous microcirculation, which has alumenal diameter between 5
to 8 micrometers (i.e., wide enough to permit the passage of one red blood
cell to pass, one at atime).

Cytoskeleton: The structural organelle of living cells, which com-
prises structural and contractile protein components. The cytoskeleton is
usually comprised of three distinct filament systems: the thin filaments
(actin filaments), the intermedi ate filaments (desmin or vimentin filaments),
and the microtubules (made up of the protein, tubulin).

Morphogenesis: A term referring to the structural development of
an organism or a part thereof (e.g., in the formation of the blood vascular
system).

Pericyte: The mural (wall) cell of the capillary and postcapillary
venule, which has been shown to possess contractile and structural proper-
ties similar to the vascular smooth muscle cell and which has been demon-
strated to influence vascular endothelial cell growth.
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Vasculogenesis and Angiogenesis

Blood vessels are formed by two processes. vasculogen-
esis and angiogenesis. Vasculogenesis involves the de novo
formation of blood vessels that occurs mostly during
embryogenesis. Angiogenesis is a process comprising the
development of new blood vessels from pre-existing ves-
sels. Angiogenesis takes place during embryogenesis and is
often associated with physiological conditions including
wound healing and the reproductive process as well as
pathological conditions such as arthritis, diabetic retinopa-
thy, periodontal disease, psoriasis, and cancer.

Blood vessel formation is closely linked with hemato-
poiesis. The hemangioblast is a common precursor to
endothelial and hematopoietic cells. During vasculogenesis,
hemangioblasts aggregate to create blood islands. These
blood islands are composed of hematopoietic stem cells and
angioblaststhat further differentiate into hematopoietic cells
and endothelia cells, respectively. Endothelial cells form
the inner lining of blood vessels and generate tube-like
structures that connect to form an primitive network of
capillaries. Next, vascular remodeling such as pruning and
sprouting occur, resulting in a mature vessel network.

The vasculature is composed of capillaries, arterioles,
and venules. The microvasculature is made up of endothe-
lia cells and mural cells. Mural cells are vascular support
cells in which pericytes constitute a major portion (Figure
1). Larger blood vessels such as arteries and veins differ
dlightly from the microvasculature in that they contain
endothelia cells, smooth muscle cells (differentiated peri-
cytes), fibroblasts, collagen, and elastic fibers. Pericytes and
smooth muscle cells form a layer surrounding the devel-
oping vascular tube, facilitating the formation of a mature
vessel.

Various growth factors modulate a variety of pathways
during vasculogenesis and angiogenesis. For example,
fibroblast growth factor (FGF) is responsible for the gener-

ation of hemangioblasts during vasculogenesis. Vascular
endothelial growth factor (VEGF) initiates the differentia-
tion of angioblasts into endothelial cells. Additionally,
VEGF stimulates endothelia cell proliferation, migration,
and sprouting, leading to endothelial tube development and
eventually new vessel formation. These newly formed ves-
sels are immature and leaky, requiring further processing.
Growth factors such as angiopoietin-1 (Angl), transforming
growth factor-p (TGF-), and platel et-derived growth factor
(PDGF) are responsible for the maturation and stabilization
of the newly formed vessels. PDGF facilitates the recruit-
ment of pericytes to encase the endothelia cell layer, rein-
forcing the vessel. Lack of pericytes leads to leaky blood
vessels that are structurally defective.

Platelet-Derived Growth Factor

Platelet-derived growth factor (PDGF) family plays
important roles in angiogenesis. PDGF is an approximately
30 kilodalton (kDa) protein consisting of four related
polypeptide chains (-A, -B, -C, and -D) that exist in dimeric
form as aresult of disulfide bonds between cysteine residues
contained within the peptides. PDGF can form homodimers
(-AA, -BB, -CC, and -DD) as well as a heterodimer
(-AB). The c-sigPDGF-2 gene on chromosome 22q that
encodes PDGF-B in humans is homologous to the v-sis of
the Simian sarcoma virus, which is significant because it is
an oncogene.

The PDGF family of proteins binds to and signals
through membrane-bound receptor tyrosine kinases (RTKs),
of which there are two isoforms: PDGF receptor (PDGFR)-
o (170kDa) and - (190kDa). Similar to their ligands, the
PDGFR aso form homo- or heterodimers. PDGFR-o.0,
-a, and -BP. PDGFR-a. and -B arise from two different
gene products and have various binding affinities for their
PDGF ligands. For example, PDGF-AA binds only the -awo.

Copyright © 2006, Elsevier Science (USA).
All rights reserved.
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Figure1l Schematic Representation of Pericyte Recruitment to a Newly Formed Vessel. PDGF-B released
from endothelial and other types of cells acts as a chemoattractant by stimulating PDGFR-f3 on vascular sup-
port cells called pericytes. This stimulus causes the recruitment of pericytes that encase and structurally stabi-

lize the growing vessel. (see color insert)

receptor homodimer, whereas PDGF-BB interacts with -oo
and -of} receptors but has the highest binding affinity for the
-BB receptor. The PDGF-AB heterodimer preferentialy
binds to -o.o. and -of3 receptors. PDGF-CC and PDGF-DD
interact with the -o.o. and -B receptors, respectively. All of
the receptor subtypes are comprised of five immunoglobu-
lin-like extracellular domains containing a ligand-binding
site, a single hydrophobic transmembrane domain, and an
intracellular domain containing residues with tyrosine
kinase activity (Figure 2).

Binding of ligand induces receptor homo- or hetero-
dimerization depending on cellular expression of the recep-
tor subtype and ligand present. In a process known as
autophosphorylation, the kinase portion of each receptor
monomer phosphorylates tyrosine residues within the intra-
cellular domain of its dimeric partner. Afterward, additional
phosphorylation events occur at other locations within the
intracellular domain of the receptor. These phosphorylated
tyrosine residues serve as docking sites for signaling mole-
cules that contain SH2 domains such as PI-3 (phos-
phatidylinositol-3) kinase, Src (cellular counterpart of the
Rous sarcoma virus gene, v-src), Grb2/Sosl (growth
factor receptor-bound protein 2/son of sevenless 1), Stat
(signa transducer and activator of transcription), GAP
(GTPase activating proteins), and PLC-y (phospholipase C-
v), leading to modulation of cellular processes and gene
expression. Cellular functions including mitogenesis,
chemotaxis, and apoptosis are regulated based on the broad
range of signaling cascades to which the PDGF receptors
couple.

PDGF-B, Pericyte Recruitment,
and Vessael M aturation

PDGF-B is the most characterized member in the PDGF
family. Although first discovered as a secretory product of
platelets during coagulation, PDGF-B is also expressed
in many other cel types, such as endothelial cells,
macrophages, smooth muscle cells, fibroblasts, glial cells,
neurons, tumor cells, and possibly others. Expression of
PDGF-B is constitutive in immune and nerve cells, whereas
inducible expression of PDGF-B most likely occursin other
